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Comparative Study of Fuel-Cell Vehicle
Hybridization with Battery or
Supercapacitor Storage Device

Phatiphat Thounthong, Member, IEEE, Viboon Chunkag, Panarit Sethakul,
Bernard Davat, Member, IEEE, and Melika Hinaje

Abstract—This paper studies the impact of fuel-cell (FC) per-
formance and control strategies on the benefits of hybridization.
One of the main weak points of the FC is slow dynamics domi-
nated by a temperature and fuel-delivery system (pumps, valves,
and, in some cases, a hydrogen reformer). As a result, fast load
demand will cause a high voltage drop in a short time, which is
recognized as a fuel-starvation phenomenon. Therefore, to employ
an FC in vehicle applications, the electrical system must have at
least an auxiliary power source to improve system performance
when electrical loads demand high energy in a short time. The
possibilities of using a supercapacitor or a battery bank as an aux-
iliary source with an FC main source are presented in detail. The
studies of two hybrid power systems for vehicle applications, i.e.,
FC/battery and FC/supercapacitor hybrid power sources, are ex-
plained. Experimental results with small-scale devices (a polymer
electrolyte membrane FC of 500 W, 40 A, and 13 V; a lead-acid
battery module of 33 Ah and 48 V; and a supercapacitor module of
292 F, 500 A, and 30 V) in a laboratory authenticate that energy-s-
torage devices can assist the FC to meet the vehicle power demand
and help achieve better performance, as well as to substantiiate the
excellent control schemes during motor-drive cycles.

Index Terms—Battery, converters, current control, electric ve-
hicles, fuel cells (FCs), power supplies, supercapacitor, voltage
regulation.

I. INTRODUCTION

UEL CELLS (FCs) are able to generate electrical power
with high efficiency, low operation noise, and no emissions
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from hydrogen gaze and air. Byproducts are exhaust gases,
water, and waste heat. The supplied electrical power can be used
in vehicles for propulsion as well as for the operation of elec-
trically powered accessories. Polymer electrolyte membrane
(or proton exchange membrane) FCs (PEMFCs) utilize a solid
polymer electrolyte membrane, operate at lower temperature,
and are considered by many to be the most suitable for vehicle
applications (such as cars, buses, tramways, trains, or aircraft)
(11, [2]. .

Although recent literature portrays FCs as a newly emerging
energy source, the technology was actually invented in the
19th century. In 1839, Sir William Grove, a Welsh judge and
scientist, assembled the first FC. Since then, FCs have been
primarily used in research settings. The National Aeronautics
and Space Administration selected PEMFCs for the space
program in the 1960s, rejecting both nuciear power, which had
a higher safety risk, and solar power, which had a higher cost
[1]. FCs provided powecr for the Gemini and Apollo missions
and, at present, provide water and electricity to the space
shuttle. Despite their high-profile use in the space program, the
commercialization of FC technology was not explored until the
early 1980s. '

Many factors have limited the marketable development of
FCs, including manufacturing cost, fuel generation and distri-
bution, and system complexity. The high manufacturing cost
is caused by a number of factors: expensive raw materials
used as catalysts, expensive membrane materials, and expensive
fabrication processes for collector plates.

In addition to manufacturing cost, fuel generation and dis-
tribution have also prevented widespread commercialization.
Most FCs consume pure hydrogen or hydrogen-rich gas as
the primary fuel. So far, experimental results and real-world
applications of PEMFCs revealed that they perform best on
pure hydrogen (Hz) as anode input gas. However, for many
applications, particularly mobile, due to a lack of availability
of refueling infrastructure and impracticai storage techniques,
pure hydrogen is not yet a viable option. Pure hydrogen as
an anode gas source for PEMFCs, at this time, has a number
of formidable limitations. One of the major limitations is on-
board hydrogen storage. As a viable alternative for carrying
pure hydrogen, onboard hydrogen generation by reforming
hydrocarbons such as natural gas, gasoline, or alcohol fuels
would be an obvious choice. However, gas produced from a re-
former contains about 70%-75% hydrogen, 20%—-25% carbon
dioxide (CO, poisoning), and 10-100 ppm carbon monoxide

0018-9545/$26.00 © 2009 IEEE
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(CO poisoning) [3]; furthermore, these reformers are large and
expensive, and they operate at high temperatures.

Since most advanced vehicles like FC electric vehicles have
one energy storage (buffer) device as part of the propulsion
system, it is possible and necessary to apply advanced control
technologies to significantly optimize the vehicle’s fuel econ-
omy, emissions, and/or drivability [4], [5].

Nonetheless, the recent studies of Corréa er al. [6], who
worked with a 0.5-kW PEMFC (BCS Technology Company)
and a 0.5-kW PEMFC (Avista Company). Thounthong et al.
[5], (7], who worked with a 0.5-kW PEMFC [Zentrum fiir
Sonnenenergie und Wasserstoff-Forschung (ZSW) Company,
Germany] and a 1.2-kW Nexa PEMFC (Ballard Power System
Company, Canada), Adzakpa er al. [8], who worked with
a 0.6-kW PEMFC (H Power Company), Wang et al. [9],
who worked with a 0.5-kW PEMFC (Avista Company), and
Gaynor et al. [10], who worked with a 350-kW Solid Oxide
FC, have demonstrated the fact that the FC time constants are
dominated by a temperature and fuel-delivery system (pumps,
valves, and, in some cases, a hydrogen reformer). As a re-
sult, fast energy demand will cause a high voltage drop in a
short time, which is recognized as a fuel-starvation phenome-
non [11].

When starved from fuel or oxygen, the FC performance
degrades, and the cell voltage drops. This condition of oper-
ation is evidently hazardous for the FC stack [11], [12]. Fuel
starvation can resuii in generation of hydrogen in the cathode
or oxygen in the anode. For instance, in the event of hydrogen
starvation, the cell current cannot be maintained, causing a high
anode potential. Therefore, the water, which is present at the
anode, may split into hydrogen and oxygen, producing oxygen
in the anode. In the same way, during oxygen starvation, the
reaction at the cathode will produce hydrogen. The presence of
oxygen at the anode and hydrogen at the cathode will lead to
the reversal of the cell potential, which is a negative potential
difference between the anode and the cathode. Cell reversal
accelerates the corrosion of carbon components such as backing
layers with ensuing electrocatalyst corrosion and eventually
leads to damaged components. During hydrogen starvation,
oxygen at the anode can react with the carbon present in the
gas diffusion and backing layers to form carbon dioxide (CO,
poisoning).

Thus, to utilize an FC in dynamic applications, its current or
power slope must be limited to circumvent the fuel-starvation
problem, e.g., 4 A - s! for a 0.5-kW 12.5-V PEMFC [13] and
5,10, and 50 A -s7! for a 20-kW 48-V PEMFC [14]. As a
result, the vehicle electrical system must have at least an auxil-
lary power source (an energy storage device), such as a battery,
supercapacitor, or flywheel, to improve the system performance
when electrical loads at a dc bus demand high power in a short
time (e.g., vehicle acceleration and deceleration) [15], [16].
Therefore, an FC vehicle can benefit from being hybridized
with an energy-storage device [17]-[19], which assumes some
of the roles that the FC would normally handle.

This paper deals with the conception and the achievement
of a hybrid power source that is supplied by a PEMFC as
the main energy source and a battery or a supercapacitor
as an auxiliary power source, particularly for future vehicle
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applications. Its interest is focused on control algorithms. It
enables the management of transient power demand, power
peaks, and regenerative braking with regard to FC, battery.
and supercapacitor constraints. The general structures of the
studied systems, the control principles of the hybrid sources,
the realization of the experimental bench, and the experimental
validation will be presented in the following sections.

II. BATTERY VERSUS SUPERCAPACITOR AS AN
ENERGY-STORAGE DEVICE

Currently, the battery is still the most extensive energy-
storage device for providing and deliver electricity. There are
many kinds of battery technology, such as lead-acid, NiCd,
NiMH, or Li-ion. For a lead-acid cell, the terminal voltage of
battery V}, and the internal resistance R}, are strong functions of
the state of charge (SOC). The battery actual voltage curve is
not constant. This is because the internal resistance is almost
linear during the discharge, but the losses are substantially
below 25% SOC due to the increase in the internal resistance.
Therefore, the battery SOC estimation is defined hLere again as
(20], [21]

/ imac(t) - dt + SOCo(to) (1)

to

SOC(t) = Ql

Bat

where SOCg is the known battery SOC (in percentage) at time
to, @Bat is the rated capacity (in ampere-hours). and i, (t) is
the charging battery current (in amperes).

Supercapacitors (or ultracapacitors) are an emerging tech-
nology in the field of energy storage systems. Current break-
throughs in material design and fabrication methods that are
aimed at maximizing rated capacitance have provided tremen-
dous increases in the energy-storage capabilities of superca-
pacitors [22], [23]. The terminal voltage of supercapacitors is
limited, however, due to the dissociation of the electrolyte. This
limits the maximum voltage to 2.5-3 V.

When comparing the power characteristics of supercapaci-
tors and batteries, the comparisons should be made for the same
charge/discharge efficiency. The relative performance of super-
capacitors and power batteries can be directly assessed from
the pulse power tests since both types of devices are capable
of high-power pulses, although batteries are not intended to be
charged/discharged for long periods at these high power levels.
The pulse testing of a battery is usually done at a specified
partial SOC, as only a small fraction of the energy stored in
the battery is used in the cycle tests. Of particular interest in
the pulse tests is the round-trip efficiency of the devices. This
is determined from the ratio of the energy out of the devices to
the energy into the devices during the test cycle. This efficiency
primarily depends on the internal equivalent series resistance
(ESR) of the device. For supercapacitors, their charge/discharge
efficiency is high, and the energy lost to heat during each cycle
is relatively small and readily removed. The energy lost to heat
in batteries is a much larger amount, making heat removal more
crucial and its extraction costs much higher. This is to say that
the cycle efficiency of batteries is around 80%, and the cycle
efficiency of supercapacitors is around 95% [24]. [25]. For a
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Fig. 1. Specific power versus specific energy of modern storage devices:
supercapacitor, lead-acid, NiMH, and Li-ion battery technology. Note that the
supercapacitors, NiMH, and Li-ion batteries are based on SAFT Company
(France) technology.

corresponding high-efficiency discharge. batteries would have
a much lower power capability.

Furthermore, the main drawback of batteries is a slow charg-
ing time, limited by a charging current [25], [26]; in contrast,
supercapacitors may be charged over a short time, depending
on a high charging current (power) that is available from the
main source. Capacitor voltage 1¢ can then be found using the
following classical equation:

t
1 5
= = [ ic(t) - dt + vo(to)

to

ve(t) ()

where ic(t) is the charging capacitor current.

Moreover, Fig. 1 compares the advanced technologies of
batteries and supercapacitors in terms of specific power and
energy. Although it is true that a battery has the largest energy
density (i.e., more energy is stored per weight than other
technologies), it is important to consider the availability of that
energy. This is the traditional advantage of capacitors. With a
time constant of less than 0.1 s, energy can be taken from a
capacitor at a very high rate [27], [28]. On the contrary, a battery
of the same size will not be able to supply the necessary energy
in the same time period. Unlike batteries, more advantageous
for the case of supercapacitors is the fact that they can with-
stand a very large number of charge/discharge cycles without
degradation (or virtually infinite cycles) [24], [25].

II. FC/BATTERY AND FC/SUPERCAPACITOR
HYBRID POWER SOURCES

A. Structure of the Hybrid Power Sources

Different power converter topologies can be used for the
power electronic interface between the FC and the utility dc
bus. For the dc link voltage level, it depends on its applica-
tions. Basically, low-voltage high-current structures are needed
because of FC electrical characteristics. A classical boost con-
verter is often selected as an “FC converter” [29]-[31] because
it can be operated in the current control mode in a continuous
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condition mode. Then, one does not need a blocking diode and a
passive filter between an FC and a converter. Based on the load
conditions, the boost converter can be commanded to draw a
specific amount of current from the FC with a ripple that is well
defined by the frequency, the size of the inductor, and the duty
ratio. However, a classical boost converter will be limited when
the power increases or for higher step-up ratios.

In many applications, the use of an isolation transformer can
provide an increased output/input voltage conversion ratio, as
required, and full-bridge topologies can be used [7]. However,
there are applications where transformer-less energy converter
systems could potentially offer significant advantages, includ-
ing simplicity, cost, and converter size reduction, particularly in
high-power applications. That way, the use of paralleling power
converters with an interleaved technique may offer some better
performances [7].

One may summarize here again that the constraints to operate
an FC are as follows.

1) The FC power or current must be kept within an interval
(a rated value, a minimum value, or zero).

2) The FC current must be controlled as a unidirectional
current.

3) The FC current slope must be limited to the maximum
absolute value (e.g., 4 A -s~! [13], [32]) to prevent an
FC stack from the fuel starvation phenomenon.

4) The switching frequency of the FC current must be
greater than 1.25 kHz and the FC ripple current must be
lower thai around 5% of the ratcd value to ensure minor
impact to the FC conditions [7].

Proposed hybrid power sources are depicted in Figs. 2
and 3. The battery actual voltage curve is not constant. It is
linear over most of its operating range. The battery voltage
variation is at least 25%. Nonetheless, at the end of discharge,
the battery voltage decreases very rapidly toward zero. This is
because the internal resistance of a lead-acid battery is almost
linear during discharge, but the losses are largely below 25%
SOC due to the increase in the internal resistance of the battery.
As depicted in Fig. 2, we propose the FC/battery hybrid source
by directly connecting the battery module to a dc bus [33], [34].
For this reason, there is no battery converter in this structure to
improve system efficiency and converter cost. Then, this system
will be operated based on unregulated dc bus voltage, in which
the dc bus voltage is equal to the battery voltage.

For the FC/supercapacitor hybrid source (see Fig. 3), a
supercapacitor module is frequently connected to the dc bus
by means of a classical two-quadrant (bidirectional) dc/dc con-
verter [35]-[38]. Supercapacitor current ig,,erc. Which flows
across the storage device, can be positive or negative, allowing
energy to be transferred in both directions.

B. Energy Management of the Hybrid Power Sources

When an FC operates, its fuel (hydrogen and oxygen) flows
are controlled by an “FC controller,” which receives current de-
mand. This current demand is the FC current reference ipcrgr
coming from the hybrid control algorithms detailed hereafter.
The fuel flows must be adjusted to match the reactant delivery
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Fig. 3. Proposed structure of the FC/supercapacitor hybrid power source, where prc (= vrc X irc), vFc, and ipc are the FC power. voltage. and current,
respectively. psuperC (= USuperC X tSuperC ). USuperc, and iSuperC are the supercapacitor power, voltage, and current, respectively. ppoad (= UBas X
iLoad)s UBus. and i gaq are the load power, the dc bus voltage, and the load current, respectively. Note that it has been assumed that there are no losses in the FC

and supercapacitor converters.

rate to the usage rate by the FC controller [39]. For this reason,
the inner FC current control loop is obligatory, and the hybrid
control algorithms demand energy from the FC to the dc link by
generating ipcrer [1], which is synchronously sent to the FC
system. One can take advantage of the safety and high dynamic
characteristics of this loop as well. Note that the definitions of
current direction are also illustrated in Figs. 2 and 3, and the
dynamics of the current regulation loops are also supposed to
be much faster than those of the outer control loops, which are
detailed hereafter.

The energy management of hybrid power sources has al-
ready been studied recently, for example, by Jiang and Dougal
[40], who worked on an unregulated voltage FC/battery hybrid
source; by Ayad er al. [41], who studied the control of an
unregulated voltage battery/supercapacitor hybrid source; and
by Thounthong er al. [42], whose work concerned a regulated
voltage FC/supercapacitor hybrid source. The problem of such
a control strategy is well known: The definition of system states
(state-machine-used) implies control algorithm permutations
that may lead to a phenomenon of chattering when the system is
operating near a border between two states. Of course, solutions

exist to avoid such a phenomenon—hard filtering, hysteretic
transition, and transition defined by a continuous function.

The control algorithm presented here is not based on the state
definition; therefore, naturally, it does not present the problem
of chattering near state borders. Its basic principle lies in using
the storage device, which is the fastest energy source of the
system, to supply the energy that is required to the load, as
if this device were a standard power supply. Therefore, the
FC, although obviously the main energy source of the system,
functions as the source that supplies energy to storage devices
to keep them charged.

1) FC/Battery Hybrid Power Source: One takes advantage
of a battery bank, which is directly connected to a dc bus to
supply transient energy demand and peak loads that are required
during traction motor acceleration and deceleration, as if this
device is a standard power supply [43]-[45]. The proposed
control stratcgy is a cascade control structure composed of
three loops, as portrayed in Fig. 4. The outer loop is the
battery SOC control that links the battery SOC to the battery
charging current reference igargr. The middle loop controls
the battery-charging current and links iga.ggF to the FC current
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Fig. 4. Proposed energy management of the FC/battery hybrid power source.

reference ircrer. The inner loop is the FC current control,
which is not presented in Fig. 4.

A simple method to charge the battery is with constant
current (maximum charging current Igaimax iS Set around
@Bat/10; for a modern Li-ion battery, it can be set at Igainjax =
@Bat) when the SOC is far from the SOC reference SOCREF,
with reduced current when the SOC is near SOCREF, or with
no current when the SOC is equal to SOCggr. For the battery
SOC, it is estimated from (1), as depicted in “Battery State-of-
Charge Observer” in Fig. 4.

More importantly, in vehicle applications, to replace aged
batteries, battery monitoring is compulsory. In particular, the
potential capacity Qpa is dependeat on the depth of the dis-
charge, the discharge rate, the cell temperature, the charging
regime, the dwell time at low and high SOCs, battery main-
tenance procedures, the current ripple, and the amount and
frequency of overcharge [21].

It is beyond the scope of this paper to observe the potential
capacity of the battery. It is assumed that Qg,, is constant.
Additionally, in a real system of applications, SOCy can be
retained in a storage device.

According to this SOC control algorithm, the “Battery State-
of-Charge Controller” generates a battery-charging current
iBatch for the battery current control loop. The battery current
command igatch must be limited within an interval [maxi-
mum charging current Ig,¢pnax, maximum discharging current
IBatMin]-

To avoid overvoltage at the dc bus in case of an erroneous
SOC estimation or high regenerative braking, the dc bus voltage
(the battery voltage) must be monitored to limit the charging
current. The “Battery Current Limitation Function” consists of
limiting the battery current reference ig,.rgF versus the dc bus
voltage as

VBusMax = 'UBus(t)>
A3
Avpys )

iBatREF (t) = iBatch(t) - min (1,

where VBysMmax is the defined maximum dc bus voltage, and
Avpys is the defined voltage band.
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The battery-current control loop receives ip,rgr from an
SOC regulation loop. The measured battery current must be
reversed because the definition of the battery current is neg-
ative for the charging current. The battery current controller
generates the FC current reference ipcrgr. It must be limited
in level, within the interval maximum Ircax (corresponding
to a rated current of the FC) and minimum Ipcpmin (set 1o 0 A)
and limited in slope to the maximum absolute value (in amperes
per second), which enables the safe operation of the FC with
respect to the constraints that are associated with the FC.

One may summarize that the control principle of the whole
system is based on the battery SOC, whatever the load power is.

* If the SOC is lower than SOCRrgp. the battery-charging
current reference is a negative value, and an FC current is
necessary to charge the battery.

* If the SOC is higher than SOCggp, the battery-charging
current reference is a positive value or equal to zero, and
the FC current reference is reduced to zero.

As a consequence, a transient in the load modifies the FC
current when the battery SOC becomes lower than SOCggg. In
any case, if the SOC is higher than SOCRgp, the FC current
reference is equal to zero. For transient conditions, as FC
current dynamics have been intentionally reduced, the battery
supplies all load variations.

It must be noted here that, in this system, the PEMFC
is the main source, and the battery module is the secondary
source. The battery functions to compensate the FC dynamic
performance to avoid the FC starvation problem, supply the
overenergy demand, and absorb the regenerative braking en-
ergy. There are two possibilities to connect a battery module
with a dc bus. First, a battery bank is directly connected to the
dc bus as proposed in our system. Second, a battery bank may
be connected to the dc bus by a bidirectional converter, but it
will increase system losses and cost. Nevertheless, the battery
will be cycled whenever there is a load. Because, as mentioned
earlier, the battery lifetime is usually limited by the number
of cycles, its longevity might suffer. There are no solutions to
improve the battery lifetime in the FC/battery hybrid source.
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Fig. 5. Proposed energy management of the FC/supercapacitor hybrid power source.

even if a battery bank is directly connected to the dc bus or
to the dc bus by a bidirectional converter. The battery will be
always cycled whenever there is a load because the FC power
dynamics are compensated by the battery power. To improve
the battery lifetime, an FC/battery/supercapacitor hybrid source
is proposed. We want the supercapacitor to supply or to absorb
the load transient power and not the battery. Nonetheless, this
system is under study [18].

2) FC/Supercapacitor Hybrid Power Source: To manage
energy change in the system, its basic principie lies in us-
ing the supercapacitor, which is the fastest energy source of
the system, to supply the energy that is required to achieve
the dc bus voltage regulation, as if this device were a stan-
dard power supply. Therefore, the FC, although obviously the
main’ energy source of the system, is equivalent to a load
working only in regenerative braking and may be seen as a
device that supplies energy to supercapacitors to keep them
charged [44].

Consequently, the supercapacitor converter is driven to real-
ize a classical dc bus voltage regulation, and the FC converter
is driven to maintain the supercapacitor module at a given
SOC. Therefore, the dynamics of the current regulation loops
are also supposed to be much faster than those of the outer
control loops. Thus, the currents isperc and ipc are considered
to perfectly follow their references isypercrReEr and ipcrEF.
respectively. The supercapacitor and FC current control loops
are supplied by two reference signals, i.e., ig,percrREF and
ircrEF, Which are generated by the dc bus voltage regulation
loop and the supercapacitor voltage regulation loop, as shown
in Fig. 5.

For the dc bus voltage control loop, it uses the dc bus capac-
itive energy Epys as the state variable and the supercapacitor
delivered power psupercREF as the command variable to obtain
a natural linear transfer function for the system. If the losses
in both the FC and supercapacitor converters are neglected, the
dc link capacitive energy Ep,s is given versus supercapacitor

power psyperc, FC power prc, and load power ppoaq by the
following differential equation:

dEBus(t).

dt S pSupcrL‘(_f) + prelt] — Proadll): (4)

Function “F;” presented in Fig. 5 is a voltage-to-energy
transformation, which is proportional for the total dc bus ca-
pacitance Cpgys to the square function

i
EBus(t)' = 5 -CBus * Uéus(t)' (5

It enables the generation of both dc bus energy reference
Egusrer and dc bus energy measurement Egsyiea through de
bus voltage reference Vg, sgrer and dc bus voltage measurement
UBus. respectively. The “DC Bus Energy Controller” generates a
supercapacitor power reference psypercrEF- This signal is then
divided by the measured supercapacitor voltage s erCaea and
limited to maintain the supercapacitor voltage within an inter-
val [VsuperCMin, VSuperCMax)- The upper value of this interval
corresponds to the rated voltage of the storage device, and
the lower value, which is traditionally equal 10 Vs percatax /2.
corresponds to a level under which the supercapacitor discharge
becomes ineffective. This results in supercapacitor current ref-
€rence tSuperCREF -

The “SuperC Current Limitation Function™ consists of
limiting reference igupercrer to the interval [Is,perChin,
IsuperCMax), Which is defined, versus measured supercapacitor
voltage vUsuperCMea» as follows:

ISupchMin = _‘ISupchRatcd
1 VsupercMax —UsupercMen(t)
‘ Al'\‘u,n-nc

X min ( 5
(6)
ISupchMz\x = +ISupchRntcd

. Vs uperCMentt) = VEuperCitin
X min (l. =2 'L“AU(\.) - paaa )

IsuperCRated and Avsyperc are the regulation parameters.
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For the supercapacitor voltage regulation loop, the “Super-
capacitor Voltage Controller” generates an FC current refer-
ence ircrerF limited in level and slope with respect to the
constraints associated with the FC. The ircrgp that drives the
FC converter through the FC current loop is then kept within
an interval [IrcMin, IrcMax]- The upper value of this interval
corresponds to the rated current of the FC, and the lower value
should be zero. Slope limitation to the maximum absolute value
of some amperes per second enables safe operation of the FC,
even during the transient power demand.

One may summarize that, using this form of control princi-
ple, the state of the supercapacitor module is naturally defined,
through the dc bus voltage regulation, by the load power level,
and by its SOC. In narrow steady-state conditions, we have the
following.

1) If load power is negative, the dc link voltage regula-
tion generates a negative supercapacitor current reference
1SuperCREF -

2) If load power is greater than the approximate FC rated
power, the dc bus voltage regulation generates a positive
supercapacitor current reference igyperCREF-

3) Otherwise, the state of the supercapacitor module de-
pends on its SOC: the supercapacitor current will, there-
fore, be positive if vgyperc > VsupercrEF and negative if
USuperC < VSupchREF~ :

In all cases, the FC state depends only on the supercapaci-
tor voltage; the FC current wiil be strictly positive and less
than IrcRrateqd if VSuperC < VSupchREF- Otherwise, it will be
zero. In transient conditions, as FC current dynamics have
been intentionally reduced, the supercapacitor supplies load
variations. In effect, the dc bus voltage regulation transforms
a sudden increase in load power into a sudden increase in the
supercapacitor current and, on the contrary, a sudden decrease
in load power into a sudden decrease in the supercapacitor
current.

3) Conclusion of Proposed Energy-Management Algo-
rithms: The main important point in hybrid systems presented
here is to balance the energy between the FC main source,
the auxiliary source, and the load. The FC power (or current)
dynamics have been intentionally reduced; the auxiliary source
supplies all load variations.

Finally, Figs. 6 and 7 present simulation results during a high
constant stepped load power. They show the load, auxiliary, and
FC powers in per unit [p.u.]. In simulations, the FC minimum
and maximum powers are set at 0 p.u. (corresponding to the
FC minimum current) and 1.0 p.u. (corresponding to the FC
maximum current), respectively. The power dynamics of the FC
are set at 0.6 p.u.-s~!. As illustrated in Fig. 6, initially, the
storage device is full of charge, and the load poweris 0.2 p.u. As
a result, the storage device power is zero, and the FC supplies
0.2 p.u. for the constant load power. At t = 1 s, the constant
load power steps to 3.0 p.u. Onc can observe the following.

* The auxiliary source supplies most of the transient power
required.
* The FC power increases to the limited power 1.0 p.u. with

aslope of 0.6 p.u. - s 1.

3.0F - >
B
— 2.0f-
-
-
F
3
-
E LOf-
s
—
OiOl- T T e ¢ o T ogin e by
FOE T et R R i S - g
\lxilmry
=
23
z
e 1.0p
.~~~'-E~0Fucl Cell
O.OL...;:':;;:;;;L:';;;
0 2 3 4 5
Time [s]

Fig. 6. Simulation result: hybrid source response during a high positive load
step. Note that the power unit is per unit (p.u.).
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Fig. 7. Simulation result. Hybrid source response during a high negative load

step (imitated regenerative braking).

» Synchronously, the auxiliary power, after a sharp increase
(discharging), slowly decreases to a constant discharge of
20 p.u.

At a steady state, the constant load power of 3.0 p.u. is
entirely supplied by the FC of 1.0 p.u. and the storage device
of 2.0 p.u. (the discharging state).

As a final simulation illustrated in Fig. 7, initially, the aux-
iliary energy source is full of charge, and the load power is
0.8 p.u. As a result, the storage device power is zero, and the
FC supplies 0.8 p.u. for the constant load power. Att = 1 s, the
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constant load power steps to —1.0 p.u. (imitated regenerative
braking). One can see, again, the following.

* The auxiliary source absorbs most of the transient negative
power.

* The FC power reduces to zero with a slope of
0.6 p.u.-s™! because the FC power source is a unidirec-
tional power flow.

 Simultaneously, the auxiliary source, after a sharp de-
crease (charging), slowly increases to a constant charge at
—-1.0p.u.

IV. EXPERIMENTAL VERIFICATION
A. Test Bench Explanation

The small-scale test bench of the hybrid systems in our
laboratory is presented in Fig. 8. As illustrated in Fig. 9. the
PEMFC system (500 W, 40 A, 13 V) was achieved by the ZSW
Company. It is composed of 23 cells of 100 cm? in series. It
is supplied using pure hydrogen from bottles under pressure
and with clean and dry air from a compressor. The battery
module is obtained by means of four aged lead-acid batteries
[7.78 Ah (33 Ah at the nameplate), 12 V] connected in series.
The supercapacitor module is obtained by means of 12 SAFT
supercapacitors SC3500 (capacitance: 3500 F; rated voltage:
2.5 V; rated current: 500 A; low-frequency ESR: 0.8 mQQ)
connected in series.

The FC converter is a classical boost converter and is
selected to adapt the low dc voltage delivered by the FC,
which is approximately 12.5 V at rated power, to the 42-V dc
bus. Thus, the FC converter is composed of a high-frequency
input inductor (72 pH), an output filtering capacitor (Pana-
sonic aluminum electrolytic capacitors: 30000 uF), a diode
(Schottky diode STPS80H100TV: 100 V, 40 A), and a main
power switch (power metal-oxide—semiconductor field-effect
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transistor STEISONE10: 100 V, 180 A). The frequency of the
pulsewidth modulation that drives the FC converter is 25 kHz.

The supercapacitor converter is a classical two-quadrant
dc/dc converter (a bidirectional converter). Thus, the superca-
pacitor converter is composed of a high-frequency input induc-
tor (54 pH), an output filtering capacitor (Panasonic aluminum
electrolytic capacitors: 330 mF), and two power switches
(power insulated-gate bipolar transistors SKM200GB123D:
1200 V, 200 A). The supercapacitor current, which flows across
the storage device, can either be positive or negative, allowing
energy to be transferred in both directions. The converter is
driven by means of complementary pulses, which are generated
by a hysteresis comparator, and applied on the gates of the
power switches.

In the case of the FC/battery hybrid power source test bench,
the total dc bus capacitance is 360 mF (30 mF of the output
capacitance of the FC converter and 330 mF of the output
capacitance of the load converter). In the case of the FC/
supercapacitor hybrid power source test bench, the total dc bus
capacitance is 690 mF (30 mF of the output capacitance of the
FC converter, 330 mF of the output capacitance of the load
converter, and 330 mF of the output capacitance of the superca-
pacitor converter).

The dc bus is connected to only a traction motor drive
(10 kW) coupled with a small-inertia flywheel. The super-
capacitor and FC current control loops, on the other hand,
have been realized by analog circuits fto function at a high
bandwidth. The proposed energy-control algorithms have been
implemented in the real-time card dSPACE DS1104 through
the mathematical environment of MATLAB-Simulink, with
a sampling frequency of 25 kHz. The ControlDesk software
enables changes in the parameters of the control loops. Two
digital oscilloscopes (Tektronix Com.), as shown in Fig. 8, are
used as data acquisition to store signal waveforms, which are
presented hereafter.

The control parameters of the PEMFC are set as follows.

* Ipcwmax = 40 A (rated FC current, corresponding to the

rated FC power).

* Ircmin = 0 A (minimum FC current, corresponding to the
minimum FC power).

* The FC current absolute slope limitation is setto 4 A - s~!
(corresponding to the FC power slope of around 50 W -
s~1). This value has been experimentally determined as
the highest current slope of our FC system, where no fuel
starvation occurs [13].

B. Test Results of the FC/Battery Hybrid Power Source

The controllcd parameters of this system are set as follows:
¢ SOCgrgr = 100% (equal to 7.78 Ah);
* Igatmax = +6 A (the maximum battery charging current);

* Igatmin = —50 A (the maximum battery discharging
current);

* VBusMux =61 V;

* Awgys =2V.

Figs. 10 and 11 present waveforms that are obtained during
the motor-drive cycle. They show the dc bus voltage (the battery
voltage), the FC voltage, the load power, the battery power, the
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Fig. IO-_ FC/battery hybrid source response during motor starting to Fig. I11. FC/battery hybrid source response during motor braking from
1500 r/min. 1500 r/min.

* The FC power increases with a limited slope up to a level
of the rated power of 500 W.

 Concurrently, the battery power, after a sharp increase
during motor acceleration, slowly decreases to a constant
discharging power of 400 W.

* The steady-state load power at the constant speed of
1500 r/min is about 800 W, which is entirely supplied by
the FC and the battery.

Therefore, this characteristic can be comparable with the

* The battery supplies most of the power of 1600 W that is  simulation results in Figs. 6 and 7. After that, at t = 54 s, the
required during motor acceleration. motor reduces speed and then stops. It can be scrutinized that

FC power, the motor speed, the battery current, the FC current,
and the battery SOC. The battery SOC is calculated from (1)
by MATLAB-Simulink and is then sent through a digital-to-
analog-converter card of dSPACE to an oscilloscope.

The initial state is zero for both the FC and battery powers
and 100% for the battery SOC. At t = 4 s, the motor reaches
the final speed of 1500 r/min such that the final FC current is
IrcRated- One can observe the following.
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there are three phases. First, the battery recovers the power that
is supplied to the dc link by the FC and the motor (known as
the regenerative braking energy). Second, the battery recovers
the reduced power that is supplied to the dc bus by only the FC.
Third, the battery is charged at a constant current of 6 A by
the FC. During the first and second phases, the FC power
reduces from a rated power of 500 W with a constant slope of
50 W - s!. In the third phase, the FC power is nearly constant
at around 300 W to charge the battery. After that, both the FC
and the battery power will reduce to zero when the SOC reaches
SOCREF.

C. Test Results of the FC/Supercapacitor
Hybrid Power Source

The control parameters of this system are set as follows:
* VBusrer =42 V (a new standard dc bus voltage in the
automotive electrical system called “PowerNet” [17]);

¢ VSuperCREF =25V;

# VSuperCMax =30V;

® VSuperCMin =15V,

» ISuperCRated =200 A;

* Avguperc=05V.

Figs. 12 and 13 present waveforms that are obtained during
the motor-drive cycle. They show the dc bus voltage, the
FC voltage, the load power, the supercapacitor power, the FC
power, the motor speed, the supercapacitor current, the FC
current, and the supercapacitor voltage (or the supercapacitor
SOCQC).

The initial state is ir no-load power, and the storage device is
full of charge, i.e., Vgyperc = 25 V; as a result, both the FC and
supercapacitor powers are zero. At t = 20 s, the motor speed
accelerates to the final speed of 1000 r/min; synchronously, the
final FC power increases with a limited slope of SOW -s ' toa
rated power of 500 W. Thus, the supercapacitor, which supplies
most of the power that is required during motor acceleration,
remains in a discharge state after the motor start because the
steady-state load power (approximately 600 W) is greater than
the FC rated power (500 W), and the peak load power is about
1000 W, which is about two times that of the FC rated power.

After that, at ¢t = 50.5 s, the motor speed decelerates and
stops with a peak load power of about —500 W. The superca-
pacitor is deeply charged, demonstrating the three phases. First.
the supercapacitor recovers the energy that is supplied to the
dc bus by the FC (500 W) and the traction motor. Second. the
supercapacitor is charged only by the FC. Third, the superca-
pacitor is nearly fully charged, which then reduces the charging
current. After that, both the FC and supercapacitor powers
reduce to zero when Vgyperc reaches VsupercrEF Of 25 V.

Only small perturbations on the dc bus voltage waveform
can be seen, which is of major importance when using super-
capacitors to improve the dynamic performance of the whole
system. These characteristics can be. again, comparable with
the simulation results in Figs. 6 and 7.

The proposed energy-management algorithms of FC/battery
and FC/supercapacitor hybrid sources are used to balance pow-
ers in the system with respect to dynamic constraints. During
motor acceleration or deceleration (a high stepped load), as can
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Fig. 12, FC/supercapacitor hybrid source response during motor startup to
1000 r/min.

be seen in Figs. 6 and 7 in simulation results (in per unit) and
in Figs. 10-13 in experimental results, the powers are always
balanced during dynamic and transient states. Importantly, the
high dynamics during load steps are compensated by storage
devices. For the FC/battery hybrid source, the stepped energy
is naturally supplied or absorbed by the battery because the
battery bank is directly connected to the dc bus based on the
control algorithm of the unregulated dc bus voltage. In the case
of the FC/supercapacitor hybrid source, the stepped energy is
automatically supplied or absorbed by the supercapacitor be-
cause the proposed control algorithm is based on the regulated
dc bus voltage. Then, the supercapacitor module functions as
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Fig. 13.  FC/supercapacitor hybrid source response during motor braking from
1000 r/min.

the one supplying or absorbing the energy that is required to
achieve the dc bus voltage.

V. CONCLUSION

The advantages of an FC hybrid vehicle could include
improved vehicle performance and fuel economy and lower
system cost. The degree of hybridization benefits from 1) FC
efficiency characteristics; 2) FC downsizing; 3) displacing FC
tasks with the secondary source functionality; or 4) energy
recovery through regenerative braking. This paper has studied
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the role of the energy-storage device in FC hybrid vehicles to
understand their potential impact on dynamic performances.

Experimental verifications with a small-scale hybrid test
bench in the laboratory have evidently shown the possibility of
improving the performance of the whole system and validated
the proposed control algorithms: the FC/battery hybrid source
and the FC/supercapacitor hybrid source.

In general, the FC/supercapacitor hybrid has better perfor-
mance because the supercapacitor can more effectively assist
the FC to meet the transient power demand (the supercapacitor
can be charged or discharged at a high current, in which the bat-
tery cannot function), and high-current charges and discharges
from the battery will reduce its lifetime as well. ’

Nonetheless, an FC hybrid vehicle with supercapacitors as
the only energy storage will be deficient or even malfunction
during the vehicle startup because of the startup time of a
PEMFC of around 5-10 min, in which the battery has higher
specific energy than the supercapacitor. Consequently, a more
practical answer will be an FC/battery/supercapacitor hybrid
power source [45] to increase the battery lifetime due to the
reduction of high-current charges and discharges.
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ABSTRACT

This study presents an original control algorithm for a hybrid energy system with a renewable energy
source, namely, a polymer electrolyte membrane fuel cell (PEMFC) and a photovoltaic (PV) array. A single
storage device, i.e., a supercapacitor (ultracapacitor) module, is in the proposed structure. The main weak
point of fuel cells (FCs) is slow dynamics because the power slope is limited to prevent fuel starvation
problems, improve performance and increase lifetime. The very fast power response and high specific
power of a supercapacitor complements the slower power output of the main source to produce the
compatibility and performance characteristics needed in a load. The energy in the system is b:lanced by
d.c.-bus energy regulation (or indirect voltage regulation). A supercapacitor module functinns by supp'y-
ing energy to regulate the d.c.-bus energy. The fuel cell, as a slow dynamic source in this system, supplies
energy to the supercapacitor module in order to keep it charged. The photovoltaic array assists the fuel cell
during daytime. To verify the proposed principle, a hardware system is realized with analog circuits for
the fuel cell, solar cell and supercapacitor current control loops, and with numerical calcrlation (dSPACE)
for the ¢nergy control loops. Experimental results with small-scale devices, namely, a PEMFC (1200W,
46 A) manufactured by the Ballard Power System Company, a photovoltaic array (800 W, 31 A) manu-
factured by the Ekarat Solar Company and a supercapacitor module (100F, 32 V) manufactured by the
Maxwell Technologies Company, illustrate the excellent energy-management scheme during load cycles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Currently, most of the energy demand in the world is met by
fossil and nuclear power plants. A small part is drawn from renew-
able energy technologies such as wind, solar, fuel cell, biomass and
geothermal energy [1,2]. Wind energy, solar energy and fuel cells
have experienced a remarkably rapid growth in the past ten years
[3-5] because they are pollution-free sources of power. Addition-
ally, they generate power near the load centres, which eliminates
the need to run high-voltage transmission lines through rural and
urban landscapes.

The cost of solar photovoltaic and fuel cell electricity is still high
[6-8]. Nevertheless, with ongoing research, development and uti-
lization of these technologies around the world, the costs of solar
cellsand fuel cell energy are expected to fall in the next few years. As
for solar cell and fuel cell electricity producers, they now sell power

* Corresponding author. Tel.: +66 2 913 2500x3332; fax: +66 2 587 8255.
E-mail addresses: Phatiphat.Thounthong@ensem.inpl-nancy.fr,
phtt@kmutnb.ac.th (P. Thounthong).

0378-7753/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2010.01.051

freely to end-users through truly open access to the transmission
lines. For this reason, they are likely to berefit as much as other
producers of electricity. Another benefit in their favour is that the
cost of renewable energy falls as technology advances, whereas the
cost of electricity from conventional power plants rises with infla-
tion. The difference in their trends indicates that hydrogen and solar
power will be more advantageous in future.

In the near future, the utility power system at a large scale will
be supplied by renewable energy sources and storage device(s), i.e.,
hybrid energy systems, in order to increase their reliability and make
them more effective. The specific properties of fuel cells and solar
cells are as follows:

e The amount of power the fuel cell system delivers is controlled
by the amount of current drawn from the system if the proper
conditions for cell operation are maintained. When a large load
is applied to the cells, the sudden increase in the current can
cause the system to stall if the depleted oxygen or hydrogen
cannot be replenished immediately and sufficiently. Cell star-
vation can lead to a system stall, permanent cell damage or
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Nomenclature

a.c. alternating current

d.c. direct current

FC fuel cell

PV photovoltaic

SC supercapacitor

Chus total capacitance at d.c.-bus (F)

Cse total capacitance of supercapacitor module (F)
iLoad d.c.-bus load current (A)

ifFc fuel cell current (A)

ircrer fuel cell current reference (set-point) (A)
isol solar cell (photovoltaic) current (A)

isoirer ~ solar cell current reference (set-point) (A)
isc supercapacitor current (A)

ISCREF supercapacitor current reference (set-point) (A)
PlLoad load power (W)

Prc fuel cell power (W)

Prca fuel cell output power to d.c.-bus (W)

prcrer  fuel cell power reference (set-point) (W)
Prcmax  maximum fuel cell power (W)

Psol solar cell (photovoltaic) power (W)

Psola solar cell output power to d.c.-bus (W)

Psoirer ~ solar cell power reference (set-point) (W)
PsoiMax Maximum solar cell power (W)

Psc supercapacitor power (W)

Psca supercapacitor output power to d.c.-bus (W)
Pscrer ~ supercapacitor power reference (set-point) (W)
PscMax ~Maximum supercapacitor power (W)

VBus d.c.-bus voltage (V)

VgC fuel cell voltage (V)

Vsol solar cell (photovoltaic) voltage (V)
Vsc supercapacitor voltage (V)

YBus d.c.-bus energy (J)
yBusker  d.c.-bus energy reference (set-point) (J)

Ysc supercapacitor energy (J)

Yscrer  supercapacitor energy reference (set-point) (J)

YT total energy at d.c.-bus and supercapacitor (J)

TFC equivalent series resistance in fuel cell converter
(€2)

T'sol equivalent series resistance in solar cell converter
($2)

rsc equivalent series resistance in supercapacitor con-
verter (2)

u input variable vector

X state-variable vector

y output vector
@(-), ¥(-), ¢(-) smooth mapping functions

reduced cell lifetime. To protect the fuel cells from overloading
and starvation, especially during transient conditions, excessive
oxygen and hydrogen can be supplied to the cells during the
steady-state operation, which increases the reserve of available
power in anticipation of a load increase. This strategy, however,
is conservative and leads to increased parasitic losses, decreased
air utilization and thereby compromised system performance.
Therefore, the fuel cell power or current slope must be limited
to prevent a fuel cell stack from experiencing the fuel starvation
phenomenon and to optimize the system, for example, 4As~! for
a 0.5kW, 12.5-V PEMFC [9], and 5, 10 and 50As~! for a 20kW,
48-V PEMFC [10].

The output power of solar cells fluctuates considerably depending
on solar radiation, weather conditions and temperature [11,12].

P

S o F W T |
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Therefore, in order to supply electric power to fluctuating loads
with a hybrid system composed of the above-mentioned fuel cell
and solar cell, an electric energy-storage system is needed to com-
pensate for the gap between the output from the renewable energy
sources and the load, in addition to the collaborative load sharing
among those energies [13-15].

Moreover, hydrogen as an energy storage media has the poten-
tial to address both daily and seasonal buffering requirements.
Systems that employ an electrolyzer to convert excess electric-
ity to hydrogen coupled with hydrogen storage and regeneration
using a fuel cell can, in principle, provide power with zero (or
near zero) emissions. Hydrogen production by solar energy is a
‘renewable-regenerative system’ [4], and this process is known as
the electrolysis process. The basic principle is the following: when
the photovoltaic input power exceeds the load power demand, the
system controller determines that the energy should be directed
to hydrogen production. In this kind of operation, i.e., a solar-
based renewable-regenerative system, almost half of the solar
input energy is directed to hydrogen production and converted
with 60% energy efficiency [4].

Based on present storage device technology, battery design has
to supply the trade-off between specific energy, specific power and
cycle life. The difficulty in obtaining high values of these three
parameters has led to some suggestions that the energy-storage
system of distributed generation systems should be a hybridiza-
tion of an energy source and a power source [16,17]. The energy
source, mainly fue! cells and solar cells in this study, has high spe-
cificenergy, whereas the power source has high specific power. The
power sources can be recharged from the main energy source(s)
when there is less demand. The power source that has received
wide attention is the supercapacitor (or ‘ultracapacitor’, or ‘elec-
trochemical double-layer capacitor') [18-20].

The enhancements in the performance of renewable energy
source power systems that are gained by adding energy storage
are all derived from the ability to shift the system output. Firming-
up the renewable system is accomplished by ensuring that energy
is available when there is a demand for it rather than being limited
by the availability of the renewable resource. As a result, the sys-
tem output may need to be shifted to periods when the hydrogen
and/or the sun, for example, are not available [21]. Depending on
the size and type of the energy-storage system and the load, it may
be possible to provide all of the pcwer needed to support the load.
A much more common scenario is for the energy storage to simply
provide enough power for applications, like peak shaving, without
having full load support capability. The energy-storage system may
also provide sufficient energy to ride out electric service interrup-
tions that range from a few seconds to a few hours. This is especially
important for service disruptions that occur when the renewable
resource is not available.

In this study, a fuel cell/photovoltaic/supercapacitor hybrid
power source is proposed. A power electronic converter struc-
ture, energy management and innovative energy control law are
presented. To authenticate the proposed principle, the hardware
system is realized by analog circuits and digital estimation with a
dSPACE controller. Experimental results obtained with small-scale
devices illustrate the system performance.

2. Renewable energy hybrid system

2.1. System configuration

The power converter structure of the system is shown in Fig. 1.
Fuel cell and solar cell power-generating systems may provide
direct or alternating current (d.c. or a.c.) to satisfy application-
specific power needs (Fig. 1). The current, voltage and power quality
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Fig. 1. Proposed hybrid energy system supplied by fuel cell, solar cell and supercapacitor, where pPioad (= Vus X iroaa): Vsus and iaq are load power, d.c.-bus voltage and
d.c.-bus load current, respectively. prc (= Vrc x irc), Vrc and igc are fuel cell power, voltage and current, respectively. psq; (= Vso) x iso1). Uso and isy are solar cell power, voltage
and current, respectively. psc (= vsc x isc), Usc and isc are supercapacitor power, voltage, and current, respectively. prca. Psoia and psca are the output powers to d.c. link
from converters of fuel cell, solar cell and supercapacitor, respectively. ircrer. isoirer. iscrer are the current references of the fuel cell, solar cell and supercapacitor converters,

respectively.

are controlled by electronic power-conditioning systems. Gener-
ally, voltage regulators and d.c.-d.c. converters (chopper circuits)
are used to control and adjust the fuel cell and photovoltaic d.c.
output voltages to useful values [22,23].

The voltages of the fuel cell and solar cell vary with the cur-
rent drawn by the load and decrease significantly at high load
currents [24]. Therefore, a power-electronics system is needed to
process the raw output power from the stack or panel and pre-
vide power to the load at a constant d.c. or a.c. voltage. Typically,
the power-electronics systems include multiple interconnected
power converters: for example, a d.c.-d.c. converter is often fol-
lowed by a d.c.-a.c. converter for stationary applications [25]. The
switching scheme in such power converters can be based on pulse-
width modulation (PWM), resonant, quasi-resonant, soft-switched,
or line-commutated switching [26-28). Furthermore, the topolog-
ical structures of these converters can vary dramatically [29].

The supercapacitor bank is always connected to the d.c.-bus
by means of a two-quadrant d.c.-d.c. converter (bidirectional con-
verter), a ‘supercapacitor converter’. The supercapacitor power can
be positive or negative, which allows energy to be transferred in
both directions [30].

An inverter is used to convert the d.c. voltage to a useful
a.c. voltage. It may operate as grid-independent or with grid-
synchronization. Then, the solar cell supplies all its output power
to the d.c.-bus, and the fuel cell supplies a slowly fluctuating power
difference between the load power p,,,4 demand and the solar cell
output power. A supercapacitor storage device can compensate for
both a sudden change in the load demand and rapidly fluctuating
solar cell output power caused by solar radiation; therefore, the
load is supplied with stable power.

As depicted in Fig. 1, the proposed system has a multi-source
structure (or cascade scheme). The cascaded structure can lead to
interactions between converters that cause the system to be unsta-
ble, if they are designed separately. This problem has been studied
during the past decade. In this case, to study interactions between
the converters, impedance criteria are often used to determine the

stability of the cascaded system. Nonetheless, the rechnique only
proves the asymptotic stability around a given operating point. The
large signal stability properties or the behaviour of the system in
the case of outsized disturtances are not considered in this model.
In this paper, a non-linear control algorithm based on the differen-
tial flatness principle of the renewable power plant is proposed.
Design controller parameters are independent of the operating
point. Interactions between the converters are taken into account
by the controllers, and high dynamics in perturbation rejection are
accomplished.

2.2. Energy management

For reasons of safety and dynamics, the fuel cell, solar cell and
supercapacitor converters are usually controlled primarily by inner
current-regulation loops [17]. The dynamics of current-regulation
loops are much faster than those of outer control loops, which are
described later. Therefore, the fuel cell current igc, the solar cell
current isy and the supercapacitor current isc are considered to
follow their references igcge. isoirer and iscrer perfectly.

Energy management of multi-power sources has already been
studied recently, for example, Feroldi et al. [31] studied control
(based on efficiency map) of a fuel cell/supercapacitor hybrid power
source for vehicle applications, Payman et al. [32] studied control
of a regulated d.c. voltage supplied by a fuel cell and superca-
pacitor storage device based on a differential flatness system,
and Thounthong et al. addressed a regulated d.c.-bus voltage fuel
cell/supercapacitor hybrid source [33], a regulated d.c.-bus voltage
fuel cell/battery/supercapacitor hybrid source [34] and an unregu-
lated d.c.-bus voltage fuel cell/battery hybrid source [14].

Thus, in the proposed system depicted in Fig. I, there are two-
voltage variables, or two-energy variables, to be regulated. The
d.c.-bus energy ygys is the most important variable, and the super-
capacitor storage energy ysc is the next most important. Therefore,
based on the previous work described above, it is proposed to utilize
supercapacitors, which are the fastest energy source in the pro-
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Fig. 2. Dynamic classification for proposed hybrid power source.

posed system, to supply the energy for the d.c.-bus [33,34]. Thus,
the fuel cell (as thc slowest dynamic device) and solar cell supply
energy for both the d.c.-bus capacitor Cgys and the supercapacitors
Csc to keep them charged.

At the d.c. link, there are three sources that supply energy at the
same time. Therefore, the dynamics of the three sources must be
classified in order to guarantee system stability [34], as illustrated
in Fig. 2. Note that the power unit in Fig. 2 is the normalized unit (or
per-unit [pu]). Thus, the defined dynamic classification depicted in
Fig. 2 is obtained from the simulation resuit using Matlab-Simulink,
and the experimental results of the power source dynamics are pre-
sented after the performance validaticn section. The supercapacitor
is operated as the highest dynamic power source to provide the
micro-cycles and the fast dynamic power supply. It can withstard
a very large number of charge-discharge cycles without degrada-
tion (or virtually infinite cycles) [33,35]. The fuel cell generator is
operated as the lowest dynamic power source. The fuel cell cur-
rent or power slope must be limited to avoid the fuel starvation
phenomenon. The fuel cell limited current or power slope has been
experimentally determined to be the highest slope of an operating
fuel cell system, where no fuel starvation occurs in order to improve
its lifetime [33,34]. The photovoltaic generator is between the fuel
cell and supercapacitor in the dynamic classification.

2.2.1. Principle of differential flatness theory

A non-linear control algorithm based on the flatness properties
[36-38] of the system is proposed. According to the flatness-control
law, the tuning controller parameters are independent of the oper-
ating point [32]. According to Fliess et al. [39,40], an independent
dynamic system is considered to be differentially flat if an output
y is given by:

y=¢x u i, .., u®) yen™ (1)

such that the state x and controls u (or inputs) can be written as:
X=0W ¥ ... y), xew" (2)
u=yw.y ...y, uenm 3)

where ¢(-), ¥(-), ¢(-) are the smooth mapping functions, @ and g are
a finite number of their time derivatives, and (n, m) e N. Moreover,
it is assumed that m <n.

The output y is called a flat output. Thus, a dynamic system is,
in nature, differentially flat if it is equivalent to a system without
dynamics, i.e., a static system. In other words, there are no dif-
ferential constraints in output space. The apparent advantage of a

differentially flat system is that every trajectory in the output space
is feasible; therefore, trajectory generation is theoretically simpler
in terms of the flat outputs. For this reason, by using the flatness
estimation in power electronic applications, interactions between
the converters are taken into account by the flatness-control law
and high dynamics in perturbation elimination are achieved.

2.2.2. d.c.-Bus energy control

Based on the flatness-control, the electrostatic energy ygys
stored in the total d.c.-bus capacitor Cgys is considered as the flat
output variable (Eq. (1)), i.e.:

1
YBus = 'Z'CBusvgus (4)

It is assumed that the supercapacitor current follows its reference
value perfectly. Thus: A

Psc _ PscREF (5)

isc = ISCREF =
Usc Vsc

where pscger is the control variable of the reduced system described
in Eq. (3).

Therefore, the state variable vg,s may be put into a form similar
to that in Eq. (2):

2 !
VBus = 4| 225 = gy (y) (6)

CBus "

To obtain a relationship between the control variable psc and the
flat output variable yg,s, the differential equation verified by the
reduced model from Fig. 1 is written as:

YBus = PFca + Psola + Psca — Pload (7)
where
prc\?
PFca = PFC — 'FC (-—v ) (8)
FC
Psol :
Psola = Psol — Tsol ( v_‘"‘) (9)
Sol
Psc e
Psca = Psc — T'sc (—u ) (10)
] SC

rec is the total equivalent series resistance in the fuel cell converter.

Here, only static resistance loss is considered [32]. rsy is the total

equivalent series resistance in the solar cell converter. rgc is the

total equivalent series resistance in the supercapacitor converter.
It follows that:

YBus + PLoad — PFca — Psola
=2 1—4/1- ( )
PSCREF PscMax \ / e

=¥y, y) (11)
where
2
_ Vse
PscMax = Z7 = (12)
. 2 .
Pload = VBuslLoad = %lmad (13)
Bus

PscMax 1S the limited maximum power from the supercapacitor
module.

Thus, it is apparent that psc = ¥1(y, ). which corresponds with
Eq. (3), and the proposed reduced system with the control variable
psc can be considered to be a flat system associated with yg,s as the
flat output variable.

To ensure the control of the flat output variable ygys to its ref-
erence trajectory ygusrer, the following control law is based on the
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Fig. 3. Proposed d.c.-bus energy control loop for fuel cell/solar cell/supercapacitor hybrid source.

well-known second-order control law:

(¥Bus — YBusRer) + K11(YBus — YBusREF)

t
+K12/ (YBus — YBusrer) T = 0 (14)
0
where Kjj, and Ky, are the controller parameters. Defining
€yBus =YBus — YBusREF» K11 = 2{@n, and Ky = w} gives:

€yBus + 2{WneyBus + a);zreyBus =0 (15)

It is obvious that the control system is stable for K17, K2 >0.
Based on the power electronic constant switching frequency fs and
a cascade control structure, the outer control loop (here the d.c.-bus
energy control) must operate at a cut-off frequency fe « fc (a cut-
off frequency of the supercapacitor current loop or power loop) « fs
[41]. The d.c.-bus energy control loop detailed above is portrayed
in Fig. 3.

The d.c.-bus energy control law generates a supercapacitor
power reference pscge. This signal is then divided by the measured
supercapacitor voltage vsc and limited to maintain the superca-
pacitor voltage within an interval [Vscmin, Vscmax] by limiting the
supercapacitor charging current or discharging current, as pre-
sented in the block “SuperC Current Limitation Function” [33]. The
higher voltage value Vscmax of this interval corresponds to the max-
imum voltage of the storage device. Generally, the lower voltage
value Vs is chosen as Vsemax/2, which causes only 25% of the
energy in the supercapacitor bank to remain [33]; as a result, the
supercapacitor discharge becomes ineffective. This results in the
supercapacitor current reference iscrgr.

2.2.3. Supercapacitor energy control

The classical electrostatic energy storage ysc in the supercapac-

itor is expressed by:
1

ysc = §CSCV§C (16)

where Csc is the supercapacitor capacitance (refer to Fig. 1), and vsc

is the supercapacitor voltage.

Again, based on the flatness-control, the total electrostatic
energy yt stored in the total d.c.-bus capacitor Cgys and the super-
capacitor Csc is taken as the flat output variable (Eq. (1)), i.e.:

1 1
Y1 =YBus +¥sc = -Z-CBusz;._.s + icscl%c (17)
It is again assumed that the fuel cell and photovoltaic currents
follow their reference values perfectly. Thus:

: : PFC _ PFCREF
e = IRCREp = — = '=—="2
VEC VrC

(18)
Psol _ PsolREF

19
Vsol Usol L

iSol = ISoIREF =

where prcrer and psoirer are the control variables of the reduced
system (Eq. (3)).

Thus, the state variable vsc may be put into a form similar to that
of Eq. (2):

-— /2(YTC—Scyaus) e

The differential equation verified by the reduced model from Fig. 1
is:

(20)

YT = PTa — PLoad (21)

where

e\ 2
PTa = PFca +PSola=PT—-"T(-—) - (22)

vr
For a fuel cell and a solar cell that are combined as an energy source
to supply energy to a d.c.-bus and supercapacitor, vy is defined as
presented in Eq. (22) and ry represents the total losses in the fuel
cell and photovoltaic converters.

Therefore:
VT + P
preer = 2pmae | 1- /1 - (L22kext ) | = gy, ) (23)
PTMax
where
2
L e
PTMax = ar (24)
In fact:
PtMax = pF(:Max + PFCMax {25)

PrcMax 1S the maximum fuel cell power. psomax i the maximum
photovoltaic power.

Photovoltaic power systems require some specific estimation
algorithms to deliver the maximum power point (MPP) because
the output features of a solar cell vary with environmental changes
in irradiance and temperature. Many previous investigations have
presented different techniques for maximum power point tracking
(MPPT) of photovoltaic arrays [42-44]. It is beyond the scope of this
study to present the MPPT algorithm here, though it is similar to Eq.
(14). Because the supercapacitor energy storage has a large capacity
and the supercapacitor energy is defined as a slower dynamic vari-
able than the d.c.-bus energy variable, the total (supercapacitor)
energy control law is defined as:

(¥t — y1rer) + K21(yt — y1Rer) = 0 (26)

The supercapacitor energy control loop is shown in Fig. 4. The
total energy control law generates a total power reference prgge.
First, prrer is considered to be the photovoltaic power reference
PsolarRef- It must be limited in level, within an interval maximum
PsolarMax (MPP) and minimum psejarmin (Set to 0W), and have lim-
ited dynamics to respect constraints in the dynamic classification
(Fig. 2). Here, the second-order delay [34] is selected as a photo-
voltaic power dynamic limitation, as illustrated in Fig. 4. Second,
the difference between the total power reference prrer and the
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Fig. 4. Proposed supercapacitor energy control loop for fuel cell/solar cell/supercapacitor hybrid source.

photovoltaic power reference psqarrer is the fuel cell power refer-
ence prcrer- [t must be limited in level, within an interval maximum
PrcMax and minimum pgepin (Set to 0W), and be limited in dynam-
ics to respect the dynamic classification constraints in Fig. 2. Again,
second-order delay is selected as a fuel cell power dynamic limita-
tion.

3. Performance validation
3.1. Test bench description

In order to authenticate the proposed original hybrid energy
management, a small-scale test bench has been implemented, as
presented in Fig. 5. The fuel cell system used in this effort is a Bal-
iard Nexa fuel cell system (1.2 kW, 46 A). It is supplied using pure
hydrogen with a regulated pressure of 10bar frcm bottles under
a pressure of 150 bar and with clean dry air from a compressor.
The photovoltaic array (800 W, 31 A) was obtained by connecting
four panels (200W, 7.78 A) in series. The solar cell panels were
developed and manufactured by the Ekarat Solar Company. They
were installed on the roof of the laboratory building, as illus-
trated in Fig. 5. The supercapacitor module (100F, 32V, based on
Maxwell Technologies Company) was obtained by connecting 12
cells BCAP1200 (capacitance: 1200 F; maximum voltage: 2.7V) in
series, as shown in Fig. 5.

The fuel cell converter (1200W) is composed of four-phase
boost converters connected in parallel using the interleaving tech-
nique [45] and is selected to adapt the low d.c. voltage delivered

Photovoltaic Array JASPACE

Controller
. lnlcr’tacnm, Card

by the fuel cell, which is approximately 26 V at rated power, to the
60V d.c.-bus. Thus, each boost converter is composed of a high-
frequency input inductor (420 wH), four output filtering capacitors
connacted in parallel (each capacitor is an aluminum electrolytic
capacitor (470 wF), thus the total capacitance is 1880 wF), a diode
(Schottky diode RURG3020: 200V, 30A), and a main power
switch (power metal-oxide-semiconductor field-effect transistor
IRFP264N MOSFET: 250V, 38 A). The frequency of the pulse-width
modulation (PWM) that drives each boost converter is 25 kHz.

The solar cell converter (800 W) is composed of two-phase
boost converters connected in parallel by the interleaving tech-
nique and is selected to adapt the low d.c. voltage delivered by the
solar pancls, which is approximately 25V at rated power, to the
60V d.c.-bus. Thus, each boost converter is composed of a high-
frequency input inductor (140 wH), four output filtering capacitors
connected in parallel (total capacitance: 4400 w.F), a diode (Schot-
tky diode RURG3020: 200V, 30 A), and a main power switch (power
metal-oxide-semiconductor field-effect transiscor IRFP264N MOS-
FET: 250V, 38 A). The frequency of the PWM that drives each boost
converter is 25 kHz.

The supercapacitor converter is composed of four-phase bidi-
rectional converters connected in parallel by the interleaving
technique. Thus, each two-quadrant converter is composed of
a high-frequency input inductor (290 wH), an output filtering
capacitor (aluminum electrolytic capacitors: 680 w.F), two power
switches (power metal-oxide-semiconductor field-effect transis-
tor IRFP264N MOSFET: 250V, 38 A), and two diodes (Schottky diode
RURG3020: 200V, 30 A). The frequency of the PWM that drives
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Table 1 Table 2
d.c.-bus energy control loop parameters. Supercapacitor energy control loop parameters.
Parameter Value Parameter Value
VBusREF 60 v VSCREF 25 v
Caus 12,200 wF Csc 100 F
K 450 rads! K 0.1 wij-t
Ki2 22,500 rads—2 Psoimax (rated) 800 w
fie 0.14 Q PsoiMin 0 hid
Tsol 0.12 Q Isommax (rated) 28 A
Isc 0.10 Q Isoimin 0 A
Vetren 32 v B 1
Vscuin 15 v wWn2 0.8 rads-!
Iscrated 150 A PEcMax 500 W
PrcMmin 0 w
Tromax (rated) 46 A
each bidirectional converter is 25 kHz. The supercapacitor current, ';C”"‘ cl) e
which flows across the storage device, can either be positive or a:m 0.4 . rads~!

negative, which allows energy to be transferred in both directions.

3.2. Control description

Measurements of the fuel cell current igc, the solar cell current
iso), the supercapacitor current isc, the load current ijo,q, the d.c.
link voltage vpys, the fuel cell voltage vgc, the solar cell voltage v,
and the supercapacitor voltage vsc are collected with zero-flux Hall
effect sensors.

The fuel cell, the solar cell and the supercapacitor current-
regulation loops were realized by analog circuits to function at a
high bandwidth. Parameters associated with the d.c.-bus energy
regulation loop and the supercapacitor energy regulation loop can
be seen in Tables 1 and 2, respectively. The fuel cell power dynamic
delay is shown in Table 2; this value was experimentally deter-
mined as the highest power slope of the FC system, where no
fuel starvation occurs. It must be noted here that, for the small-
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test bench, the fuel cell maximum power premax 1S set at 500 W;
but, the rated fuel cell power considered here is 1200 W. Further,
these two energy control loops, which generate current refer-
ences ircrer, isoicer and iscrer are implemented on the real time
card dSPACE DS1104 through the mathematical environment of
Matlab-Simulink with a sampling frequency of 25 kHz.

3.3. Experimental results

The studied d.c.-bus of 60V is only connected to an electronic
load. To validate the dynamics of the power (current) regulation
loops for each power source, Figs. 6-8 present waveforms that
are obtained during the stepped power demand. Fig. 6 illustrates
the fuel cell power demand, power response, voitage and current.
Fig. 7 contains the photovoltaic power demand, power response,
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Fig. 6. Dynamic identification of fuel cell power control loop.
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Fig. 7. Dynamic identification of photovoltaic power control loop.

voltage and current. Finally, Fig. 8 illustrates the supercapacitor
power demand, power response, voltage and current. Because the
fuel cell and photovoltaic powers are intentionally limited by the
control algoritim (refer to Fig. 4: ‘solar cell dynamic power limita-
tion’ and ‘fuel cell power dynamic limitation’), a smooth transition
of the power responses of the fuel cell and photovoltaic sources is
observed, while the supercapacitor power dynamics are very fast.
The supercapacitor can supply power from 0 to 400 W in 50 ms. It
is clear that the fast response of the supercapacitor storage device
can be operated with the fuel cell and solar cell main generators
in order to improve system performance. The data in Fig. 6 also
confirm that the fuel cell is controlled to avoid the fuel starvation
phenomenon.

Because flatness-based control is model-based, it may have
some sensitivity to errors in the model parameters. To authenti-
cate its robustness, the flatness-based control was tested with the
exact model parameters (rpc = 0.14 2,15 =0.12 2, rsc =0.10 Q) and
in the lossless parameters case (rpc =0 €2, rsq; =0 2, rsc =0 Q). In the
case of no losses, this leads to a drastically less complex estima-
tion of the control law (Egs. (8)-(11)). Comparisons (robustness)
between the accurate parameters and the error parameters are
given in Fig. 9. They generate waveforms that are obtained during
the large load step from 0 to 500 W and show the d.c.-bus voltage,
the load power (disturbance), the supercapacitor power, and the
supercapacitor voltage (storage SOC). Because the power of the fuel
cell and the solar cells are intentionally limited, the supercapaci-
tor supplies the transient load power demand. Similar waveforms
are seen in Fig. 9(a) and (b). The d.c.-bus voltage (d.c. link stabi-
lization) is minimally influenced by the large step in load power.

Clearly the performance of the control system is hardly affected
by the considered error in model parameters. Experimental testing
demonstrates that errors in these parameters have relatively little
effect on regulation performance. It is therefore conclude that the
non-linear differential flatness-based approach provides an abso-
lutely robust controller in this application.

Waveforms obtained during the large load cycle are presented
in Fig. 10. The data show the d.c.-bus voltage, the fuel cell volt-
age, the photovoltaic voltage, the load power, the supercapacitor
power, the fuel cell power, the photovoltaic power, the superca-
pacitor current, the fuel cell current, the photovoltaic current, and
the supercapacitor voltage (or the supercapacitor SOC). In the ini-
tial state, the small load power is equal to 100W, and the storage
device is fully charge, i.e., vsc = 25V, as a result, both the fuel cell
and supercapacitor powers are zero, and the photovoltaic source
supplies power for the load of 100 W. At t=40s5, the load power
steps to the final constant power of around 900 W (positive load
power transition). The following observations are made:

e The supercapacitor supplies most of the 900 W power that is
required during the transient step load.

e Simultaneously, the photovoltaic power increases with limited
dynamics to a maximum power point (MPP) of around 300 W,
which is limited by the maximum power point tracker (MPPT).

e Concurrently, the fuel cell power increases with limited dynamics
to a maximum power of 500 W.

e The input from the supercapacitor, which supplies most of the
transient power that is required during the stepped load, slowly
decreases and the unit remains in a discharge state after the load
step because the steady-state load power (approximately 900 W)
is greater than the total power supplied by the fuel cell and pho-
tovoltaic array.

At t=100s, the supercapacitor voltage is equal to 19V. As a
result, the supercapacitor supplies its stored energy ysc to the d.c.-
bus. This energy ysc supply is estimated to be:

P 1
YsCSupply = icscl’gc(t =40s) - ZCSC"gc(t =100s) (27)
13.20k]

The load power is reduced from the high constant power of 900 W
to the low constant power of 100 W (negative load power transi-
tion). As a result, the supercapacitor changes from discharging to
charging and demonstrates the following four phases:

e First, the fuel cell and photovoltaic array still supply their con-
stant maximum powers to drive the load and to charge the
supercapacitor.

e Second, at t=110s, the supercapacitor is approaching full charge,
Le., vsc = 23 V. Consequently, the fuel cell power is reduced with
limited power dynamics.

e Third, at t=120s, the supercapacitor is nearly fully charged, i.e.,
vsc = 24 V. As a result, the photovoltaic power is reduced with
limited power dynamics.

e Fourth, at t=160s, the supercapacitor is fully charged, i.e., vsc =
vscrer = 25V. After slowly decreasing, the photovoltaic power
remains at a constant power of 100W for the load power
demanded. Furthermore, the fuel cell and supercapacitor powers
are zero.

It is evident that the d.c.-bus voltage waveform is stable during
the large load cycle, which is critically important when employing
supercapacitors to improve the dynamic performance of the whole
sysiem using the proposed control law.

Finally, Fig. 11 presents waveforms that are obtained during the
long load cycles measured on 5 December, 2009. The waveforms are
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similar to the test bench results in Fig. 10. During the experiment,
the FC maximum power was set to 500 W, and the PV maximum
power (depending on solar radiation, weather conditions and tem-
perature)was limited by the MPPT. For example, at 15:01:40, the PV
maximum power was approximately equal to 180 W; at 15:02:30,
the PV maximum power was about 180 W; at 15:03:20, the PV max-
imum power was around 180 W; and from 15:05:50 to 15:08:20,
the PV maximum power was reduced to 0 W, because of the cloudy

conditions. In particular, it was found that the power plant was
always energy balanced pyoaa(t) = prc(t) + Psoi(t) + psc(t) by the pro-
posed original control algorithm.

The important variable necessary to balance the energy in this
complex system is the d.c.-bus energy or voltage. From the exper-
imental validation, the d.c.-bus voltage is automatically controlled
at the constant set-point, i.e., vgys = 60 V. This experiment confirms
that the energy in the system is well managed. The fuel cell and
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Fig. 11. Hybrid source response during long load cycles.

solar cell powers are limited at their maximum powers, and the
fuel cell power dynamics are controlled; as a result, there is no
fuel starvation problem and the fuel cell stack lifetime is increased
[46-48].

4. Conclusions

Energy management of multi-power sources has been proposed
as a solution for a hybrid energy system that uses renewable energy
from solar cells, fuel cells and a supercapacitor as an energy stor-

age device. A supercapacitor can advance the load, following the
characteristics of the main sources by providing a stronger power
response to changes in the system load. During essential steps in the
load, the supercapacitor provides the energy balance needed dur-
ing load transition periods. Adding energy storage to the distributed
power systems improves power quality and efficiency.
Experimental verification with a smull-scale hybrid test bench
(Nexa Ballard fuel cell power generator: 1.2 kW, 46 A; Ekarat Solar
Cell power module: 800W, 31 A; Maxwell supercapacitor storage
device: 100F, 32 V) has demonstrated the excellent performance of
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the whole system, and has validated the proposed energy manage-
ment principle.
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v‘-t nergy consumption plays
% an important role in our
modern civilization and
daily life, which is heavily

i dependent on burning fos-

+sil fuels. The increasing
mmwsaeii threat of the fast deple-
tion of resources such as petroleum,
coal, and natural gas forces people
to seek regenerative energy sources,
such as solar, wind, geothermal, and
hydroelectric energies. Another way of
saving valuable natural resources and
solving the environmental problem is
to develop cleaner and more efficient
energy conversion devices. In recent
years, fuel cell (FC) research and devel-
opment have received much attention
for their higher energy conversion ef-
ficiency and lower or nongreenhouse-
gas emissions than thermal engines in
the processes of converting fuel into
usable energies [1]-[3]. The power and
energy efficiency of an FC is highly de-
pendent onthermodynamics, electrode
kinetics, and reactant mass transfer,
as well as materials and components
for assembling the FC. These factors
have been addressed throughout the
FC history and are now still the major
challenges for FC research and devel-
opment [4]-[6].

In industry, United Technologies
Corporation (UTC) Fuel Cells is in-
volved in FC systems for space and
defense applications. UTC Fuel Cells
activity began in 1958 and led to the
development of the first practical FC
application used to generate electrical
power and potable water for the Apol-
lo space missions. Since 1966, all of
the more than 100 manned U.S. space
flights, including the Space Shuttle,
have operated with FCs supplied by
UTC companies. In 1991, UTC Fuel
Cells manufactured its first PureCell
200 power plant, the world's first and
only commercial FC power. The Pure-
Cell 200 FC produces 200-kW of elec-
tricity and 700,000 BTUs of heat. The
unit can be powered by natural gas,
propane, butane, hydrogen, naphtha,
or gases from waste. Since their first
flight in 1981, UTC Fuel Cells power
plants have provided electric power
for more than 100 shuttle missions.
They shipped a 50-kW hydrogen-air

FC power plant to the U.S. Department
of Energy (DOE) and the Ford Mo-
tor Company. In 1998, UTC Fuel Cells
delivered a 100-kW methanol power
plant, with 40% efficiency, to Nova Bus
for installation in a 40-ft, hybrid drive
electric bus under a DOE/Georgetown
University contract [7], [8].

General Motors is involved in the
development of FCs for stationary pow-
er as well as the more obvious automo-
tive markets [9]-[11]. In February 2004.
they began the first phase of installa-
tion operations in Texas at Dow Chemi-
cal Company, the largest facility in the
world. These FC systems are used to
generate 35 MW of electricity [12].

o

posed approximately 170 years ago
when William Robert Grove conceived
the first FC in 1839, which produced
water and electricity by supplying
hydrogen and oxygen into a sulfuric
acid bath in the presence of porous
platinum electrodes [1]. The process
by which this is done is very similar
to the electrochemical process by
which a battery generates power; at
one electrode, a fuel such as hydrogen
is oxidized, and at the other electrode
an oxidant such as oxygen is reduced.
The reactions exchange ions through
a solid or liquid electrolvte and elec-
trons through an external circuit, as
shown in Figure 1 [15], [16].

Fuel cells produce dc voltage outputs, and they
are always connected to electric power networks
through power conditioning units such as dc/dc

and dc/ac converters.

Axane (France) is also working on
FC technology. Three markets that are
likely to provide large commercial out-
lets [13], [14] are:

m portable multiapplication genera-
tors (500 W-10 kW)

w stationary applications (more than
10 kW)

® mobile applications for small hy-
brid vehicles (5-20 kW).

FCs produce dc voltage outputs, and
they are always connected to electric
power networks through power condi-
tioning units such as dc/dc and dc/ac
converters. Power conversion and con-
trol functions form the basis of what has
come to be known as the field of power
electronics. In recent years, power elec-
tronics technology has been spurred
by needs for efficient control of indus-
trial applications and the development
of more reliable lightweight switching
power supplies for a sophisticated sys-
tem. This article reviews the current re-
search of power electronic converters
for FC high-power applications.

FC Technology

An FC is a device that converts the
chemical energy of a fuel directly to
electrical energy. Its concept was pro-

The theoretical value of a single

cell voltage of FC is 1.23 V. It is never
reached even at no load. At the rated
current, the voltage of an elementary
cellis about 0.6-0.7V [17]-[19]. There-
fore, an FC is always an assembly of el-
ementary cells that constitute a stack,
as Figure 2 depicts.
" There are many different types of
FCs, with the principal differences be-
tween them being the type of electro-
lyte and/or the type of fuel that they
use. For instance, both the phosphoric
acid FC (PAFC) and the molten carbon-
ate FC (MCFC) have a liquid electro-
lyte, whereas a solid oxide FC (SOFC)
has a solid, ceramic electrolyte [20]-
[22]. A proton exchange or polymer
electrolyte membrane FC (PEMFC)
and a direct methanol FC (DMFC) may
have the same solid polymer electro-
lyte, but the DMFC uses liquid metha-
nol for fuel whereas the PEMFC uses
gaseous hydrogen (23], [24].

Currently, there are three general
areas of application for FC technol-
ogy: portable power, distributed pow-
er, and transportation. For each appli-
cation, it is generally found that one
type of FC is better suited than the
others to satisfy the requirements of
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FIGURE 1 - Different layers of an elementary cell of PEMFC.

the application. The DMFCs are attrac-
tive for several applications in view of
their lower weight and volume. The
DMFCs are increasingly being devel-
oped to replace ur support batteries,
mainly for the high energy density of
methanol. The DMFCs are promising
candidates as portable power sources
because they do not require any fuel
processing and operate at low tem-
peratures (30-60 °C) [25]-[27]. The
SOFC, because of its high pow-

operate. The composition, pressure,
and flow rate of each of these streams
must be regulated. In addition, the gas-
es must be humidified and the coolant
temperature must be controlled. To
achieve this, the FC stack must be sur-
rounded by a fuel system, fuel deliv-
ery system, air system, stack cooling
system, and humidification system.
Once operating, the output power gen-
erated by the FCs must be conditioned

er density and high grade
waste heat that may be used
in cogeneration applications,
is a front-runner in distributed
power applications at the
industrial level [28]-[31]. The
PEMFC has many of the quali-
ties required of an automotive
power system including rela-
tively low operating tem-
perature, high power density,
and rapid startup [32]-[34]. In
addition, PEMFC may also be
used in residential and com-
mercial power systems [35].
An FC stack requires fuel,’
oxidant, and coolant in order to

FIGURE 2 - An PEMFC (16 cells, 500 W, 50 A, an
manufactured by the Centre for Solar Energy and Hydrogen
Research Baden-Wiirttemberg (ZSW) Company. It is being
functioned at the GREEN laboratory.
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d around 11 V)

and absorbed by a load (converter).
Suitable alarms must shut down the
process if unsafe operating conditions
occur, and a cell voltage monitoring
system must monitor FC stack per-
formance. These functions are per-
formed by electrical control systems.
As an example, Figure 3 shows a sim-
plified diagram of the PEMFC system.
When an FC operates, its fuel (hydro-
gen and air) flows are controlled by an
FC controller, which receives current
demand. This current demand is the
FC current reference igcper (see Figure
3) coming from the energy manage-
ment controller. The fuel flows must
be adjusted to match the reactant de-
livery rate to the usage rate by the FC
controller [36], [37].

FC Characteristics

As mentioned earlier, an FC power
source is always connected to the dc
bus by a step-up converter. Switching
characteristics of the PEMFC (500 W,
40 A) at steady-state when connecting
with a boost converter are presented
in Figure 4. It can be seen that the
PEMFC contains a complex impedance
component, which it is not purely re-
sistive at a high switching frequency
of 25 kHz [36].

Thounthong et al. [38] (who worked
with a 500-W PEMFC system by ZSW
Company), Corréaet al. [39], [40] (who
worked with a 500-W Ballard and 500-
W Avista PEMFC system), and Zhu
et al. [41] (who worked with a 500-W
PEMFC system) have demonstrated
that the electrical response
time of an FC is generally fast,
being mainly associated with
the speed at which the chemi-
cal reaction is capable of re-
storing the charge that has
been drained by the load. On
the other hand, because an FC
system is composed of many
mechanical devices, the whole
FC system has slow transient
response and slow output pow-
er ramping [42], [43].

For clarity about the FC dy-
namics, Figure 5 illustrates a
Nexa PEMFC system (1.2 kW, 46
A), and Figure 6 depicts the FC
voltage response to a current
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demand of the Nexa PEMFC stack. The
tests operate in two different ways: cur-
rent step and controlled current slope
of 2 A-s™'. One can scrutinize the volt-
age drop in Figure 6(a), compared to
Figure 6(b), because fuel flows (par-
ticularly the delay of air flow) have dif-
ficulties following the current step. This
characteristic is called fuel starvation
phenomenon (1], [44]-[47]. The same
kind of FC dynamic responses can be
seen in [48]. This condition of operation
is evidently dangerous for the FC stack,
as already demonstrated by Taniguchi
et al. [49]. To utilize the FC in dynamic
applications, its current or power slope
must be limited, for example, 4 A-s !
for a PEMFC (0.5 kW, 12.5 V) [50]; a 2.5
kW-s ™" for a PEMFC (40 kW, 70 V) [51];
and 500 W-s™! for a PEMFC (2.5 kW,
22V) [52].

Therefore, the constraints to oper-
ate an FC are as follows:

1) The FC power or current must be
kept within an interval (rated val-
ue, minimum value or zero).

2) The FC current must be controlled
as a unidirectional current.

3) The FC current slope must be lim-
ited to a maximum absolute value
(for example, 4 A-s ! [53]), to pre-
vent an FC stack from the fuel star-
vation phenomenon.

4) Switching frequency of the FC cur-
rent must be greater than 1.25 kHz,
and the FC ripple current must be
lower than around 5% of rated val-
ue, to ensure minor impact to the
FC conditions [54], [55].

FC Power Conditioning

The power conditioning system pro-
vides regulated dc or ac power ap-
propriate for the application. It is the
major component of an FC distributed
system. The output of the FC is an un-
regulated dc voltage (see Figure 6),
and it needs to be conditioned in or-
der to be of practical use. The power
conditioner section converts the FC
power to usable power for different
applications. The power condition-
ing unit also controls electricity’s fre-
quency and maintains harmonics to
an acceptable level. The purpose of
conditioners is to adapt the electrical
current from FC to suit the electrical

needs of the application. FC operates
giving direct current and at a low
voltage; thereby, the step-up (boost)

converter (dc/dc converter, named
here FC converter) is always selected
to adapt the low dc voltage delivered

Fuel Cell
Controller

Hydrogen i
Tank

Hydrogen
Purge

Heat Exchanger:

Air
Exhaust

Water Pump

FIGURE 3 - Simplified diagram of the PEMFC system. Vic, jgc, and igcger are the FC voltage,
current, and current demand, respectively.
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FIGURE 4- Switching characteristics of a 500 W PEMFC of 25 kHz at the FC current supply of (a)
10 A and (b) 40 A (rated current).
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i
Nexa PEMFC System

by the FC to the utili
by an inverter (Figu
eral, the load for the

DC Servomotor as
a Load at DC Bus

Hydrogen
Tank

The inverter is used for th
ing of the FC system to the power grid
to provide the grid with voltage/current
with proper frequency phase and mag-
nitude where the input for the inverter
comes from the boost converter stage
and the inverter (with the filter) be-
comes the load for the boost converter.
The power conditioner is also used for
the grid connection of the FC. An electri-
cal power-generating systém that uses
FC as the primary source of electricity
generation and is intended to operate
synchronously, and in parallel with
the electric utility network is a grid-
connected FC system [57], [58]. Such
systems may also include storage de-
vices and other generating sources and

FC Controller
Board

FIGURE 5 - A Nexa PEMFC (1.2 kW, 46 A). It is being functioned at the TFII laboratory.

may operate onsiteloads independent of
F—3gv ' Fue Starvagon 1T ]‘C'H'1‘ FCVoIIt " 'e': the utility network during outages.
F 3V Phenomenpn [10V/g?v]* To employ the FC as a main power
- _Q(K\-_Z, NE 27\/ - . source in dynamic applications (such
YL e e B 5 ¥ CHi2: FC Currént Demandf as an electric vehicle [59]-[61] and
B A T - ke UL / [20 A/Div]; railway vehicle [62]-[64]), the electri-
RErl EEERE PRI ; . .CH3: FC Current] cal system musi have at least an auxil-
E 46 A: 2 : I g / (20 A/Div; iary power source (storage device) to
< e e A e Ay Sk %’(‘)V%e” /FEI)QW + improve the dynamic performances
EBA 5398 sl;')m/‘ — of the whole system. when electrical
agA ' i E loads at a dc bus demand hizh power
.:_‘21 ______________ 1 in a short time (for example, vehicle
E ] acceleration and deceleration), as por-
Bt S e e cshew trayed in Figure 8. Moreover, one can
= % 26 slpm | sy
- - : : . : . take advantage of this auxiliary power
Bl bt Ty, Time: 250 ms/Div source to achieve an actual hybrid
(a) source to disassociate mean power
e L S —— sizing from peak transient power siz-
38 V- : : S 'CH1: FC Voltage ing, the aim being a reduction in vol-
o e L dnas o _Eaa ., n2 [10 V/Div]] ume and weight, and in the case of FCs
C : : : : + : : : ' ] used as main energy source, the pos-
RECELI D, T .. 1. CH2: FC Current Demand L S " 4
. : ; é T / (20 A/Div]: sibility of regenerative braking [38],
- v A_ [65]. For example, some authors have
2 o 7 1o CH3:FC Current described the study of the FC/battery
- : 46 A, " [20 AIDiv] § ;
L " r CFia: Oxygen Flows hybrid power source [66]-[70] and
F 6A- : 4 ; 98 slprn / (30 slpm/Dnv] : the FC/supercapacitor hybrid power
PO o v e s 1 A A TIO SR A 3 source [71]-[73].
F6A: : : R T : For the past ten years, much
<« SRR LR R st research has been conducted on the
: : : : b : : i utilizations of FCs in high power appli-
P& 26 Slpm [ e cations. Today, the required FC power
:Z}lllx s bl TIMOs5 /DIy i8'in the range of £ 10 2 MW:
(b) w 1-2 kW for unmanned aircrafts [74]
and 40-700 kW for manned aircraft
FIGURE 6 — FC dynamic characteristics to (a) current step and (b) controlled current slope of 2 A-s~". [75]-[78]
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® 50-100 kW for urban cars [9], [33],
(79]-(85]

= 100-200 kW for buses and light
trams [7], [86]-[88]

m 600 kW-1 MW for tramways and
locomotives [62]-[64], [89]-[92]
(for example four motors of 180-kW
peak are installed on a tramway,
two motors per boggy. The total
power installed is 800 kW)

@ 480 kW-2 MW for distributed gen-
eration systems (grid parallel con-
nection) [8], [93].

To increase the power and volt-
age levels, several configurations for
the FC association can be envisaged
as depicted in Figure 9 [93]-[98]. For
association of the converter inputs,
we can connect several FC in series
and then connect them to a con-
verter or each FC to a converter. The
FC parallel connection is currently
complicated because of complexity
of controlling the output power dis-
tribution in each FC. For association
of converter outputs, the output of a
converter can be connected in series
for a high output voltage or in paral-
lel for a low output voltage.

FC Power Converter

Different power converter topolo-
gies can be used for the power elec-
tronic interface between the FC and
the utility dc bus. For the dc link

A large research effort is underway to develop the
FC for applications ranging from small portable
electronic devices to automotive transport, as well
as residential combined heat and power supplies.

dc/dc Converter dc/ac Converter

Fuel Cell Modules iF(cFC Converter)

{Inverter o :
de Bitis ) Utmﬂty Grid
VBus g I
Prc PlLoad

FIGURE 7 - FC power system.

dc/de Converter

Fuel Cell Modules ,(::C Conenen) dc Bus

dc/ac Converter e
(inverter) Traction Motor

P aux

FIGURE 8 - Fuel cell powered vehicle.

nFC -
in Series) ="

g Groups <

[ e T T e ——

bos

(nFC
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feavevoncan

FIGURE 9 - Modular stack FC architectures connected to the dc bus: (a) output connected in series and (b) output connected parallel.
n: number of FC in series in each group, g: number of FC-converter groups.
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Air
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FIGURE 10 - Classical fuel cell boost converter: (a) power circuit and (b) FC current regulation loop.

voltage level, it is depending on
its applications:

@ 270 V or 350 V for the standard on
the all-electric aircraft [78]

m 48V [99], 120 V [100], or 400-480 V
[30], [93], [101] for stand-alone or
parallel grid connections

md2V (PowerNet) a new standard
voltage for automobile systems
[34], [102], [103]

@ 270-540 V for electric (FC) vehicles
[60], [65], [82]

u 350 V (transit bus systems) to 750 V
(tramway and locomotive systems)
[7], [63], [64], [87], [89]-[92], [104].
Basically, low-voltage, high-current

structures are needed because of the
FC electrical characteristics. A classi-
calboost converteris often selected as
an FC converter [38], [93], [99]-[101],

T e e e e o e
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H

4
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FIGURE 11 - Multiphase paralleled step-up converters for FC high-power applications.

38 IEEE INDUSTRIAL ELECTRONICS MAGAZINE B MARCH 2009

(105]-[107], because it can be oper-
ated in the current control mode in a
continuous condition mode, as por-
trayed in Figure 10. Then, one does
not need a blocking diode and passive
filter between an FC and a converter.
Based on the load conditions, the
boost converter can be commanded
to draw a specific amount of current
from the FC with a ripple well defined
by the frequency, size of the inductor,
and duty ratio. The FC boost converter
sizes of 0.5 kW [38]; 1 kW [100], [101],
[105]; 5 kW [99]; 27 kW [106]; and 50
kW [93] have been studied. However,
a classical boost converter will be lim-
ited when the power increases or for
higher step-up ratios. In that way, the
use of paralleling power converters
with interleaved technique may offer
some better performances.

Parallel Power Converter with
Interleaved Switching Algorithm

The subject of paralleling power con-
verters was on the sideline of design
engineering tasks for decades. Latest
efforts in standardization, miniatur-
ization, and the proliferation of high
current, low voltage power supplies
have directed additional attention
to various techniques to parallel
power modules. The fundamental
difficulty using parallel power pro-
cessing circuits is to ensure that
the load current is properly distrib-
uted among the parallel connected
power modules. Only then can the
design be optimized for the highest
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reliability and lowest cost by ensur-
ing equal temperature rise and by
minimizing the power rating of the
individual components.

The major problems of using a
single dc/dc converter connected
with FC in high power applications are
as follows:

a difficulty of the design of magnetic
component: ferrite core and Litz-
wire size

a high FC ripple current, which may
lead to recuce its stack lifetime.
Therefore, by paralleling convert-

ers with interleaving technique, these
problems can be avoided [108]-[111].
A high-power dc distributed power
system supplied by FC invokes the
need to parallel power modules with
interleaving technique. Active ripple
cancellation methods can yield even
higher performance. Today, the ac-
tive method of interleaving is well
known [94], [96], [98]. In the interleav-
ing method, the modules operate at
the same switching frequency. Their
switching waveforms are displaced
in phase over a switching period with
respecttoone another by 27/N radians,
with N being the number of converters
in parallel. It is important to note here
that, according to [54] and [55], a high
FC current ripple piays an important
role in its catalyst lifetime. Especially,
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FIGUREF 12 - Current sharing technique of N-phase parallel modules
(here, boost converters).
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FIGURE 13 - Steady-state waveforms of the two-cell interleaved converter system at an FC current command of (a) 4 A (v, = 35.8 V) and

(b) 46 A rated current (v, = 26.3 V).
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FIGURE 14 - Steady-state waveforms of the four-cell interleaved converter system at an FC current command of (a) 4 A (v, =35.8V) and

(b)30A (v, =28.9V).

sharp current rise/fall and large magni-
tude of current ripple should be avoid-
ed. The multiphase parallel converters

for FC high-power

applications are de-

picted in Figure 11.
The most sophis-

curate current shar-
ing implementations
rely on a closed loop

negative feedback system, very similar
to those control loops used to regulate

There are three general areas of application for
ticated and most ac- - FC technology: portable power, distributed power,

and transportation.

the output voltage of a power supply,
as portrayed in Figure 12 [112], [113].
To make this approach work, two piec-

es of information must be available in
the system. One is the actual induc-

tor currents of the modules and the
other is the desired amount of FC cur-
rent reference fycpgr. Since the goal is

to evenly distribute
the FC current, the
desired FC current
is the FC current di-
vided by the number
of parallel modules.
Therefore the task
is two fold; measure

the inductor currents and generate the
average inductor current set-points.

FC Generator and Power Converter Specifications

Rated Power of FC Modules | 100 kW

Rated Current of FC Modules | 600 A

Rated Voltage of FC Modules | 214 V (460 V at No-Load)
FC Ripple Current 6 A (1%)

Converter Rated Power 100 kW

Converter Efficiency > 94%

dc Bus Voltage 540V

raa'aal ﬂl dc B_US 1'*%
)_J S CBus VBus
Iy D,
)_| S,
Ls D,
s
o

FIGURE 15 - 100-kW FC converter of three-phase interleaved boost converters with two FC modules in series [98].
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According to Thounthong et al.
[114], [115], who worked with a Ballard
Nexa PEMFC unit (1.2-kW, 46-A, see
Figure 5), they have already demon-
strated the experimental results of the
two- and four-phase paralleled boost
converters for FC applications. The
oscilloscope waveforms in Figures 13
and 14 portray the steady-state char-
acteristics of the interleaved convert-
ers at different FC current demands,
the load at dc bus being adjusted in
order to obtain a constant dc bus volt-
age of 60 V (here rated value). Figure
13 illustrates the FC current, and the
first and the second inductor currents
of the two-phase parallel converter at
the average FC current reference of 4 A
and 46 A (rated current), respectively
[114]. Figure 14(a) presents the FC cur-
rent and the first, second, and third
inductor currents of the four-phase
parallel converters at the average FC
current reference of 4 A. For the last
test, Figure 14(b) shows the FC cur-
rent and the second, third, and fourth
inductor currents of the 4-phase par-
allel converters at the average FC cur-
rent reference of 30 A [115].

One can observe again that the FC
current is the sum of the inductor cur-
rents and that the FC ripple current is
1/N the individual inductor ripple cur-
rents. Absolutely, the FC ripple current
of the four-cell interleaved converter
is lower than the two-cell interleaved
converter. So, the FC ripple current of

The PEMFC is well suited to automotive power
applications and may be used in residential and

commercial power systems.

the four-cell interleaved converter is
nearly zero. It means that the FC mean
current is close to the FC rms current.
In addition, it can be seen the FC rip-
ple frequency is N-times the switching
frequency of 25 kHz.

According to Hwang et al. [116], an
FC converter size of 1 kW with four-
phase interleaved boost cells had been
also presented. For an FC converter
size of 150 kW (technical specification:

Ve = 250-450 V, Vg, = 548 V, weigh
50 kg) with two-phase interleaved
boost converters had been fabricated
and tested [117]. Its volume and weight
is less than one third of a single phase
boost converter, the FC ripple current
is less than 10%, and its efficiency is
over 97%. According to Vulturescu
et al. [98], the design of an FC con-
verter size of 100 kW with three-phase
interleaved boost converters with two

_ Vous + Vec
2
s Vg Vg
D=1 7 1 A

Va=VY

p = Vous— Vec
Vaus + Ve

D is the duty cycle.

FIGURE 16 - 120-kW two-blanches interleaved double dual boost converters [96].
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FIGURE 17 - 200-kW cascade-parallel boost converter for the FC power converter.
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FCs hold great promise as a clean energy

conversion technology.

FC modules in series has been studied
for French urban transportation net-
works, as depicted in Figure 15. In ad-
dition, a three-phase interleaved boost
modules based on the commercial
standard Lopakd of insulated gate
bipolar transistors (IGBTs) by Asea
Brown Boveri Ltd. (ABB) for 250-1,000-
kW FC converter at the dc link voltage

of 750 V has been proposed in [118].
For the FC urban car, the 94-kW FC con-
verter with the multiphase interleaved
boost converters at the dc link voltage
of 320 V had been designed and used
in the HydroGen3 FC vehicle of Gen-
eral Motors (GM) Company [119].

To increase the higher voltage
conversion ratio, Viet et al. [96] have

proposed the two-blanches interleaved
double dual (IDD) boost converters for
an FC converter: 20-120 kW, as shown
in Figure 16. One summarizes that this
scheme can boost the FC input voltage
from 60-700 V utility dc bus at the FC
current of 333 A (20 kW).

Another possibility to increase
the voltage conversion ratio of the FC
high-power converter is cascade-par-
allel boost converter, as Figure 17 illus-
trates. This similar concept has been
proposed in [120]-[122]. One might
suppose that this power converter can

"Fuel Cell |
Modules !

i TR g e OGO - N R

R

Module 2

M _ b

)

,il Electric

Yaus [ Network

FIGURE 18 - Interleaved current-fed full bridge converters with a parallel input and a series output for FC high power applications.
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operate up to 200 kW with the voltage
conversion ratio of eight.

For ground isolation and high voltage
step-up ratio (but more complicated),
interleaved boost/flyback [123], [124],
push-pull [125]-[127], and half bridge
and full bridge [128]-[132] can be con-
sidered as candidate topologies for the
FC converter. Advantages and disadvan-
tages of these converters are discussed
in [127], [128], and [132]. The most
popular ground isolation circuit today
for high-power applications is the full-
bridge dc/dc converter, because of rea-
sonable device voltage ratings and soft
switching possibility [133], [134].

Considering the ripple and direct
current control requirement, an isolated
current-fed full bridge converter topol-
ogy shows some promise [134]-[136].
It has small current ripple and high effi-
ciency. To reduce the size of the magnet-
ic components and further improve the
converter efficiency, a multiphase inter-
leaved current-fed full-bridge converter
is proposed in [113], as shown in Figure
18. By paralleling input of the converter
system, input current, and hence the
power, can be equally shared between
the modules of the converter system.
Therefore, current stress on the semi-
conductor devices on the input side is
reduced. On the other hand, the series
connection on the output side results in
lower voltage ratings for output capaci-
tors and diodes. Furthermore, phase
shifted pulse-width modulation (PWM)
is used for the interleaved full-bridge
converter. So, the input current ripple
frequency and the output voltage ripple
frequency increase. Hence, for the same
input current and output voltage ripple
requirement, smaller input inductors
and output capacitors can be used.

The advantages of the parallel con-
verter with interleaving technique are
as follows:

1) Size and volume of passive de-
vices (inductor and capacitor) are
reduced.

2) Ripple of the input and output
waveforms are reduced.

3) Ripple frequency of the input and
output waveforms are increased

4) Power converter is modular. It en-
hances reliability of the system,
and increases converter power

The power and energy efficency of an FCis highly
dependent on the thermodynamics, electrode
kinectics, and reactant mass transfer, as well as
materials and components for assembling the FC.

rating by paralleling phases, not
by paralleling multiple devices.

5) Thermal management is simple.
The primary driver in all paral-
leling schemes for lower power
applications is the decentralized
heat dissipation of the parallel
power converters.

6) Current ratings of power elec-
tronic components are reduced,
because current ratings are pro-
portional tc the continuous power
rating of the circuit.

Conclusions

FCs hold great promise as a clean
energy conversion technology. A
large research effort is underway to
develop the FC for applications rang-
ing from small portable electronic
devices tu automotive transport, as
well as residential combined heat and
power supplies. These applications
have a large emerging market and
widespread adoption should lead to a
reduced dependence on fossil fuels as
well as encourage the development of
a hydrogen economy.

FCs produce low dc voltage, so that
it is most often connected to electric
networks through a step-up dc/dc
converter. This article first introduc-
es electrical characteristics, power
electronic requirements, and differ-
ent types of FCs and is then followed
by a discussion of the various topolo-
gies of step-up dc/dc converters used
for FCs' power-conditioning system.
The examinations of several differ-
ent approaches to power-conditioning
systems for single and multiple FC
combinations have been reviewed.

High-power dc distributed power
systems supplied by FC invokes the
need to parallel power modules with in-
terleaving technique. By method of the
parallel converter modules with inter-
leaving algorithm for an FC generator

for high-power applications, inductor
size (ferrite core and Litzwire) are sim-
ple to design and fabricate, and the FC
ripple current can be virtually reduced
to zero. As a result, the FC mean current
is nearly equal to the FC Tms current.
The main drawback of the multiphase
approach is added circuit complexity,
requiring measurement and balancing
of each phase current as the larger num-
ber of control components illustrates.
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FC  develop-
ment arose from an infusion of
research money by several
research agencies, including the
US. Department of Energy
(DOE) and the French National

Center for Scientific Research (CNRS). Earlier, the first used
FC has been employed to produce electrical power in space

vehicles by the National Aeronautics and Space Administration

Digital Obpct Idemisfier 10.1109/MIAS. 2009.932604

N THIS DAY AND AGE, FUEL CELLS
(FCs) are under research as possible alterna-

tive power sources for the future. Modern

Analysis of a PEM fuel-cell system

BY PHATIPHAT THOUNTHONG,
BERNARD DAVAT, STEPHANE RAEL,

& PANARIT SETHAKUL

© DIGITAL VISION

(NASA) as a part of the Gemini program [11. Ic is still in use
today in the space transportation system (STS) shuttle orbiters.

Many previous works have already highlighted the possibilicy

of using the FC in distribuced
power generation systems: in
portable applicacions {2}, {31,
transportation applications {41,
{51}, and stacionary power appli-

cations [6], [7].

There are many types of FCs characterized by cheir elec-
trolytes. One of the most promising to be used in electric

vehicle applications is che polymer eleccrolyte membrane

FC (PEMFC) because of its relatively small size, light
weight, and ease to build [8], [9].

1077-2618/09/$25.000©2009 IEEE
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In 1966, General Motors (GM; USA) became the first
automaker to demonstrate a drivable FC vehicle named
the Electrovan. Today, many automobile companies (such
as GM, Renaulc, Opel, Suzuki, Toyota, Daihatsu, Daim-
lerChrysler, Ford, Mazda) have demonstrated the possibil-
ities of using the PEMFC as a main source in electric
vehicles called FC vehicles (FCVs). The concept of an FCV
is depicted in Figure 1.

For example, after a long history of FC research and
development from 1964, GM unveiled an FCV powered
by PEMFC (75 kW, 125-200 V. 200 cells) to drive a
wheel motor (a permanent magnet synchronous: 60
kW, 305 Nm) with a driving range of 400 km in 2000.
In the United States, in 2002, the Honda FCX was the
first FC car to be certified for use by the general public,
and so theoretically become publicly available. This
four-seater city car has a top speed of 150 km/h and a
range of 270 km. The hydrogen fuel is stored in a high-
pressure tank {10}

In industry, United Technologies Corporation (UTC)
FC (USA) is involved in the development of the FC sys-
tems for space and defense applications. UTC FC ac:ivity
began in 1958 and led to the development of the first
practical FC application used to generate electrical power
and potable water for the Apollo space missions. In 1998,
UTC FC delivered a 100-kW FC power plant, with 40%
efficiency, to Nova Bus for installation in a 40-ft, hybrid-
drive electric bus under a DOE/Georgetown University
contract [11}. .

GM is involved in the development of PEMECs for
stationary power and the more obvious automotive mar-
kecs [12]. In February 2004. they began che first phase of
installation operations in Texas at Dow’s chemical manu-
facturing, the largest facility in the world. These FC sys-
tems are used to generate 35 MW of electricity.

Axane (France) was created in 2001 and is working on
PEM FC technology {13]. It is positioning icselt to che
objective three markets chat are likely to provide large
commercial outlets in the short term:

1) portable multiapplication generators (500 W—10 kW),

2) stationary applications (more than 10 kW),

3) mobile applications for small hybrid vehicles

(5 kW=20 kW).
Nonetheless, it is widely accepted

degrades and the cell-voltage drops. This condition of opera-
tion is evidently hazardous for che FC stack [18].

The main aim of this study is to reveal the FC characteris-
tics: static and dynamic, particularly the fuel starvation phe-
nomenon. So, the analysis of fuel starvation problem
presented here is the original study in the domain of FC
scientific research. The low voltage of an FC source is adapted
to a higher level by a classical boost converter. This converter
operates as an electrical load. In this case, the FC naturally
functions in the environment of power electronic converter at
a high-switching frequency. In addition, the FC current is
controlled by an analog proportional-integral-derivative
(PID) controller. Experimental resules wich a PEMFC (500
W, 40 A) will clearly illustrate che FC characteristics.

PEMFC

FC Principle
FCs are electrochemical devices chat directly convert the
chemical energy of a fuel into electricity. FCs operate con-
tinuously as long as they are provided with reacrant gases.
In the case of hydrogen/oxygen FCs, which are the focus of
most research activities today, the only by-product is water
and heat [19}, [20}. }
The FC model here is for a type of PEM, which uses the
following electrochemical reaction:

1
H, + ;OZ — H,0 + Heat + Electrical Energy. (1)

As developed earlier [211, [22], the Nernst equation for
the hydrogen/oxygen FC, using literature values for the
standard-state encropy change, can be written as

E= {1.229—,0.85 x10

(T - 298.15)+4.3085 X 107°T

1
. [111([’H_.)+§lﬂ(/7<);)} }"Icen. (2)

that one of the key weak points of the
FC systems is their dynamic limitation,
according to recent research studies by
Thounthong et al. [14], who worked
with a 0.5-kW PEMFC, and by Gaynor
etal. [15], who worked with a 350-kW
solid oxide FC. The FC system’s time
constant is dominated by the compres-

Hydrogen Tank

Air from

: Compressor
sor and the membrane hydration level, ]
and it may be several hundredths of a Brake é ]
millisecond. As a resule, fast load de- —)|
mand will cause a high-voleage drop in ; |
Accelerator |

a short time, which is recognized as a
fuel starvation phenomenon [16}, {17].
Fuel or oxidant starvation refers to the
operation of FCs at substoichiometric
reaction conditions. When starved from

FC-Powered Vehicle

Main Energy
Source (FC)
S

Resqsvmans
N g e

Energy Management Controller

fuel or oxygen, the FC performance Concept of an FCV.
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where E is the reversible no-loss voltage of the FC (the thermo-
dynamic potential), T is the cell temperature (K), bu. and po,
are the partial pressure of hydrogen and oxygen (bar), respec-
tively, and n¢e is the number of cells in series.

The FC voltage Vic is modeled as {217, [22]

Activation loss

~ Ohmic loss

Irc oF iy e —

“l.—r ~Ra - {Isc + ia)
O

VFC:E—A'IOg(

Concentration loss

I: T .;/
_F3.108<1_L__’>, .
7L

where Igc is the delivered FC current, 7, is the exchange cur-
rent, A is the slope of che Tafel line, 71 is che limiting current,
B is the constant in the mass transfer term, 7, is cthe internal
current, and R, is the membrane and conract resistances.
These parameters can be determined from experimencs.

FC System
An FC is always an assembly of elementary cells that con-
stitute a stack. In particular, Figure 2(a) presents the PEM

PEMFC (23 cells, 500 W, 40 A, around 13 V): (a) stack and
(b) a serpentine flow field plate of 100 cm?. Pressed against
the outer surface of each backing layer is a piece of
hardware, called a plate, which often serves the dual role
of flow field and current collector.

FC stack developed by the Center for Solar Energy and
Hydrogen Research Baden-Wiirctemberg (ZSW), Ulm,
Germany. This stack is also used in the experiment. Its ser-
pentine flow-field plate is also illustrated in Figure 2(b).
In a single FC, these two plates are the last of the compo-
nents making up the cell.

The plates are made of a light weight, strong, gas-imper-
meable, electron-conducting material; graphite or metals
are commonly used. The first task pertormed by each plate
is to provide a gas flow field. The channels are used to carry
the reactant gas from the point at which it enters the FC to
the point at which the gas exits. Flow-field design also
affects water supply to the membrane and water removal
from the cathode. The second rask served by each plate is
that of currenc collector. Wich che addition of che flow
fields and current collectors, the PEMFC is completed.

Figure 2(a) shows some of the tubes that deliver gases.
There are usually 2 X 4 connections: two wires for che
current, 2 X 2 tubes for the gases, and 1 X 2 rubes for
the cooling system. As the gases are supplied in excess to
ensure a good operation of the cell, the nonconsumed gases
have to leave the FC carrying with chem the produced
water (Figure 3). Generally, a water circuit is used ro
impose the operating temperature of the FC (approxi-
mately 60-70 °C). At start up, the FC stack is warmed
and later cooled at the rated currenc. Nearly, the same
amount of energy generated is hear and electricity.

An FC stack requires fuel, oxidant, and coolant to oper-
are. The pressure and flow rate of each of these streams
must be regulated. The gases must be humidified, and the
coolant temperature must be controlled. To achieve this,
the FC stack must be surrounded by a fuel system, fuel
delivery system, air system, stack cooling system, and
humidification syscem.

Once operating, the output power must be condi-
tioned. Suitable alarms must shut down the process if
unsafe operating conditions occur, and a cell-voltage mon-
itoring system must monitor FC stack performance. These
functions are performed by the clectrical concrol systems.

Figure 4 shows the simplified diagram of the PEMFC
system of the stack presented in Figure 2. When an FC sys-
tem is operated, its fuel flows are concrolied by an FC con-
troller that receives an FC current demand (reference),
iycrer, from the user (manual operation) or from the

—»Cooling Liquid (Water)

H

=5 — O, (Air)
=Vec +Vec
Oz 100 3 —"

~* Cooling Liquid (Water)

.| Electrode-Membrane-Electrode Assembly
Bipolar Plate
B End Plate

o

External and internal connections of a PEMFC stack.
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energy-management controller (in case of automatic opera-
tion) {23]. The fuel flows must be adjusted to match che
reactant delivery rate to the usage rate by the FC controller.
For the FC system considered here, the FC current demand
signal 7gcpger is in a linear scale of 50 A/10 V {23]. As an
example, Figure 5 illustrated a PEMFC system (1.2 kW,
46 A), the first commercial PEMFC, fabricated and com-
mercialized by the Ballard Power Systems Inc.

FC Power Conditioning

To adapt the low dc voltage of the FC to a higher dc bus
voltage vp,s. a classical boost converter is always selected
as an FC converter {24}, {25}, as depicted in Figure 6. In
this system, the FC gererator is followed by the converter
comprising a controlled switch §; (such as a power MOS-
FET), a high-frequency inductor L, an output filtering
capacitor Cpy, and a diode D). The FC converter is driven,
through MOSFET §, gate signal, by means of a pulse-
width modulation (PWM) for average current control in
continuous conduction mode, to obtain a constant switch-
ing frequency [14}.

Moreover, an analog PID corrector is chosen for the FC
current controller. As explained earlier that che fuel flows
must be adjusted to match the reactant delivery rate to the
usage rate, the FC current control loop is obligatory. So,
the FC current reference 7rcrer is sent to the FC controller

synchronously (refer to Figures 4 and 7). One can rake
advanrage of the safery and high-dynamic characteristics
of this loop as well; thus, it must be realized by analog cir-
cuits to function ac high bandwidch.

The open-loop (OL) transfer function of an FC current
regulation can be expressed as follows {23]:

Analog PID controller

ZECMea(s) (Teis+ 1) (Tegs + 1)
B gl = L
frcrer (9oL Tes
P M Ipe(6)/d) filer
= ——t——— N
1 G,(Tz\r e l) G;.(:

Vp (4)2 4 2ep 41 Tres + 1-,

w, (w,

l -
it el FE
: Gi =55 4
with e and (4)
" — ‘/Bm(«lxm

2T (=DM

where D is the nominal duty cycle of the PWM FC
converter, 4 is the duty cycle variations, Vp is the peak
voltage of PWM carrier signal, Vg, is the nominal dc bus

voltage, [gc is the nominal FC current, 7ic is the FC cur-

rent variations, and Ry, is the total series resistance of Ly,
wiring, and FC.

Hydrogen{
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Tank
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Hydrogen
Purge

l I r
| Hydrogen-
! Controlled Valve

<

The Nexa PEMFC system (1.2 kW, 46 A, around 24 V),
developed and commercialized by the Ballard Power
Systems Inc., was used in our study.
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FC current control loop [23].
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Photograph of the FC converter (500 W) realized in the
GREEN laboratory.

Experimental Validation

Test Bench Description

The PEM FC system studied -efers to Figures 2—4. Fig-
ures 8 and 9 show photographs of the test-bench system
realized in che GREEN laboratory. The FC current refer-
ence comes from a digital-to-analog converter (ADCs) by
a real-time-controller card dSPACE DS1104, chrough
the mathematical environment of MATLAB-Simulink.
For the FC converter (500 W) realized in the laboratory,
the frequency of the PWM (by UC28025B-Texas Instru-
ments Inc.) that drives the FC converter is 25 kHz. An
inductor L, is obtained by means of a ferrite core, and its
inductance is 72 pH. A total capacitance of Cp, is
30 mF. A diode D, is a STPS8OH100TV Schottky recti-
fier (100 V, 40 A), and a swicch Sy is STEISONE10 power
MOSFET (100 V, 180 A) { 14].

Fuel Starvation Phenomenon of an FC

For clarity about the dynamic limitation ot che FC genera-
tor, Figures 10 and 11 clearly present the PEM FC volrage
response to a current. The tests operate in two ditferent

ways: current step and current slope. [t shows che drop of

the volrage curve in Figure 10, compared with Figure 11,
because fuel flows (particularly the delay of air flow) have

Analog PID
t Controller &

Hydrogen-
Controlled Valve

' dSPACE
| _Interfacing Card ..

Test-bench system.

ny
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Fuel starvation phenomenon of the PEMFC to a high-
current step from 5 A to 40 A (rate current).

difficulties following the current step, called the fuel
starvation phenomenon.

Reliability and lifetime are cthe most essential consider-
ations in such power sources. Previous research has clearly
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FC dynamic characteristics to controlled current slope of
4A s,
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demonstrated that hydrogen and oxy-
gen starvation caused severe and
permanent damage to the electrocara-
lyst of the FC, as well as reducing its
performance of voltage—current curve.
They have recommended that fuel
starvation must absolutely be avoided,
even if the operation under fuel starva-
tion is momentary, in just 1 s {18].
Furthermore, at a steady state of 25
kHz switching frequency by means of
the PWM, the characteristics of the
FC ripple voltage and current are illus-
crated in Figure 12, in which the cur-
rent references are 10 and 40 A (rated
current), respectively. One can observe
that its output impedance depends on
operating point. One can also see che
nonlinearicy of the FC voltage curve

FUEL OR OXIDANT

- STARVATION
REFERS TOTHE

OPERATION OF

FCs AT SUB-

STOICHIOMEIRIC

REACTION

 CONDITIONS.

carlier, after che FC system is operated
in many times of fuel starvation, its
performance is reduced.

Without any doube, to use the FC
in dynamic applications, its current or
power slope must be limited, but some
research works have omitted to do
this. One may lack the FC information
in which failure modes for an FC are
not well documented, degradacion
causes, and the mechanisms are not
completely understood.

To solve this problem, the flow rate of
oxygen and hydrogen is controlled con-
tinuously to follow the FC current varia-
tions by controlling the FC current slope
as proposed in Figure 7, or by fixing a

during the change of current slope from positive to nega-
tive or vice versa. It can be concluded that an FC model is
composed of complicated impedances {26}, {27].

As illustrated in Figure 13, it also presents the worse
case in which the FC system shuts down because of a high-

constant fuel flow, for example, for che considered FC system
set for 50 A. In this case, the FC has always enough fuel flows.
Thus, no problem of FC starvation occurs as Figures 14-16
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portray. Nonetheless, this operating system has low efficiency
because fuel flows (known as a power inpur of this generator)
is always constanc at a maximum value.
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Recent works wich evidently experimental resules have
been based on the control of che FC currenc or power slope to
meet a high-efficiency operation and to avoid the fuel starva-
ton problem, for example, 4 A-s * tor a 0.5-kW, 12.5-V
PEMFC {23} and 5 A-s™", 10 A-s™' and 50 A-s™"
fora 20-kW, 48 V PEMFC [28].

Conclusions

The most important purpose of this work is to analyze the
phenomenon of a fuel starvation of a PEM FC system. The
incentive for automotive FC applications is quite different
from that for stationary power generation or other applica-
tions. The dynamic characteristics of FC must be considered.

Experimental results based on a PEMFC (500 W, 410 A)
noticeably substantiate chat, to employ an FC in dynamic
applications, its current or power slope must be limiced to
improve an FC performance, including its voltage—current
curve and lifetime.

The use of other kinds of auxiliary power source(s) as
depicted in Figures 17-19, such as bacteries or supercapa-
cirors to cooperate with FC main source, 1s mandatory tor
high dynamic applicacions, parcicularly tor tucure FCVs.

Authorized licensed use limited to: King Monkuts Institute of Technology. Downloaded on June 14, 2009 at 23:00 from IEEE Xplore. Restrictions app'y



Acknowledgments

Based on research carried ‘out over
several years, this work was supported,
in part, by INPL-Nancy Université, the
Nancy Research Group in Electrical
Engineering (GREEN: UMR 7037),
the Thai-French Innovation Instituce
(TFID), the King Mongkut's University
of Technology North  Bangkok
(KMUTNB) under the Franco- Thai on
higher education and research joint
project, and the Thailand Research Fund
(TRF) under Grant MRG5180348.

References

{11 P. Thounthong, B. Davar, and S. Rael,
“Drive friendly.” IEEE Power Energy Mag.,
vol. 6, no. 1, pp. 6976, Jan./Feb. 2008.

{21 S. Eccarius, F. Krause, K. Beard, and C. Agert, “Passively operated
vapor-fed direct methanol fuel cells for portable applications,” J. Power
Sources, vol. 182, no. 2, pp. 565-579, Aug. 2008.

{31 C. Kim, K. J. Kim, and M. Y. Ha, “Investigation of the characteris-
tics of a stacked direct borohydride fuel cell for portable applica-
tions,” J. Power Sources, vol. 180, no. 1, pp. 114-121, May 2008.

{4] K. Rajashekara, J. Grieve, and D. Daggete, "Hybrid fuel cell power in air-
craft,” IEEE Ind. Appl. Mag., vol. 14, no. 4, pp. 5460, July-Aug. 2008

{51 A. Emadi, Y. J. Lee, and K. Rajashekara, "Power electronics and mocor
drives in electric, hybrid eleceric, and plug-in hybrid eleceric vehicles,”
1EEE Tvans. Ind. Electron., vol. 55, no. 6, pp. 2237-2245, June 2008.

{61 S. Y. Choe, J. W. Ahn, J. G. Lee, and S. H. Baek, “Dynamic simula-
tor for a PEM fuel cell system with a PWM dc/d¢ converter,” [EEE
[rans. Energy Conversion, vol. 23, no. 2, pp. 669—680, June 2008.

{71 S. Jain and V. Agarwal, “An incegrated hybrid power supply for discrib-
uted generation applications fed by nonconventional energy sources,”
IEEE Trans. Energy Conversion, vol. 23, no. 2, pp. 622-651, June 2008.

{81 M. C. Pera, D. Candusso, D. Hissel, and J. M. Kauffmann, “Power
generation by fuel cells,” IEEF Ind. Electron. Mag., vol. 1, no. 3,
pp- 28-37, Fall 2007.

{91 W. K. Na, B. Gou, and B. Diong, “Nonlinear control of PEM fuel
cells by exact linearization,” IEEE Trans. Ind. Appl., vol. 43, no. 6,
pp. 14261433, Nov./Dec. 2007.

{101 G. Hoogers, Frel Cell Technology Handbook. Boca Raton, FL: CRC
Press, 2003.

[11} S. Varigonda and M. Kamar, “Control of stationary and transporta-
tion fuel cell systems: Progress and opportunities,” Comput. Chem.
Eng., vol. 30, no. 10-12, pp. 1735-1748. Sepr. 2006.

{12} R. von Helmolt and U. Eberle, “Fuel cell vehicles: Status 2007."
J. Power Sonrces, vol. 165, no. 2, pp. 833-843, Mar. 2007

[13] D. Lecocq, "Tomorrow's energy today with Axane,” Fuel Cells Bull.,
vol. 2004, pp. 13-15, Mar. 2004,

(14} P. Thounchong, S. Raél, and B. Davat, “Tesc of a PEM fuel cell wich
low voltage swacic converter,” [ Power Sources, vol. 155, no. 1,
pp. 145-150, Jan. 2006

[15} R. Gaynor, F. Mueller, F. Jabbari, and J. Brouwer, “On control con-
cepts to prevent fuel starvacion in solid oxide tuel cells,” J. Power
Sources, vol. 180, no. 1, pp. 330-342, 2008

{16} W. Schmictinger and A. Vahidi, "A review of the main parameters
influencing long-term performance and durability of PEM fuel cells.”
J. Power Sources, vol. 180, no. 1, pp. 1-14, May 2008.

{171 ). Wu, X. Z. Yuan, J. J. Martin, H. Wang, J. Zhang, J. Shena,
S. Wu, and W. Merida, “A review of PEM fuel cell durabilicy:
Degradacion mechanisms and micigacion scrategies,” J. Power Sources,
vol. 184, no. 1, pp. 104-119, Sept. 2008.

[18] A. Taniguchi, T. Akita, K. Yasuda, and Y. Miyazaki, “Analysis ot elec-
trocatalyst degradation in PEMFC caused by cell reversal during fuel
starvation,” J. Power Sources, vol. 130, no. 1-2. pp. 4249, May 200-i.

[19] FE. Grasser and A. Rufer, “A fully analytical PEM fuel cell system
model for concrol applications,” IEEE Truns. Ind. Appl., vol. 43,
no. 6, pp. 1499-1506, Nov./Dec. 2007.

[20] W. K. Na and B. Gou, “Feedback-linearization-based nonlinear con-
trol for PEM tuel cells,” IEEE Trans. Energy Conversion, vol. 23,
no. 1, pp. 179-190, Mar. 2008,

~ FLOW-FIELD
DESIGN ALSO - .
AFFECTS WATER
~ SUPPLY TO THE

MEMBRANE AND
WATER REMOVAL
 FROMTHE =~
CATHODE.

{21} K. P. Adzakpa, K. Agbossou, Y. Dub¢, M.
Dostie, M. Fournier, and A. Poulin, "PEM
fuel cells modeling and analysis through
current and voltage cransient behaviors,”
IEEE  Trans. Energy Comversion, vol. 23,
no. 2, pp. 581-591, June 2008.

[22] S. Pasricha, M. Keppler, S. R. Shaw, and M.
H. Nehrir, "Comparison and identification
of static electrical terminal fuel cell mod-
els,” IEEE Trans. Fnergy Conversion, vol. 22,
no. 3, pp. 746-754, Sept. 2007.

{23] P. Thounthong, S. Rael, and B. Davar,
“Control strategy of tuel cell/supercapacitors
hybrid power sources for electric vehicle,” J.
Power Sources, vol. 158, no. 1, pp. 806-814,
July 2006.

[24] K. N. Reddy and V. Agarwal, “Utility-
interactive hybrid discributed  generacion
scheme with compensation feactire,” [EEE
Trans. Energy Conversion, vol. 22, no. 3,
pp. 666-673, Sept. 2007.

{251 C. Wang and M. H. Nehrir, “Load transient
mitigation for stand-alone fuel cell power generation syscems,” [EEE
Trans. Energy Conversion, vol. 22, no. 4, pp. 864-872, Dec. 2007.

[26] S. C. Page, A. H. Anbuky, S. P. Krumdieck, and J. Brouwer, “Test method
and equivalenc circuic modeling of a PEM tuel cell in a passive stace,”
IEEE Trans. Energy Conversion, vol. 22, no. 3, pp. 764-773, Sept. 2007.

[271J. W. Jung and A. Keyhani, "Control of a fuel cell based Z-source

converter,” [EEE Tram. Energy Conversion, vol. 22, no. 2. pp. 467~

476, June 2007

[28] P. Corbo, F. Mighardini, and O. Veneri, "An experimental study of a
PEM fuel cell power train tor urban bus apphication.” J. Power Suurces,
vol. 181, no. 2, pp. 363-370, July 2008.

[29]1 P. Thounthong, S. Raél, and B. Davat, “Control algorichm of fuel
cell and bacceries for distributed generation system,” [EEE Trans.
Enerey Conversion, vol. 23, no. 1, pp. 148—155, Mar. 2008.

{30} A. Kusko and J. DeDad, “Stored energy-Short-term and long-term
energy storage methods,” [EEE Ind. Appl. Mag., vol. 13, no. 4,
pp. 66-72, July—Aug. 2007.

{311 S. K. Mazumder. S. K. Pradhan, J. Harctvigsen, M. R. von Spakovsky,
and D. F. Rancruel, “Effects of bactery buffering on the post-load-
cransient performance of a PSOFC," [EEE Trans. Energy Conversion,
vol. 22, no. 2, pp. 457—466, June 2007.

[32] Z. Jiang, L. Gao, and R. A. Dougal, “Adapcive control strategy for
active power sharing in hybrid fuel cell/batcery power sources,” [EEE
Trans. Energy Conversion, vol. 22, no. 2, pp. S07-515, June 2007,

{33} P. Thounthong, S. Raél, and B. Davac, “Control strategy of tuel cell
and supercapacitors association ftor a discributed generation system,”
IEEE Trans. Ind. Electron., vol. 54, no. 6, pp. 3225-3233, Dec. 2007.

[34] M. Uzunoglu and M. S. Alam, “Modeling and analysis of an FC/UC
hybrid vehicular power system using a novel-waveler-based load shaning
algorichm,” [EEE Trans. Energy Comvervon, vol. 23, no. 1, pp. 263-272,
Mar. 2008

1391 H. Tao, J. L. Duarte, and M. A M. Hendrix, "Linc-interacave UPS
using a tuel cell as che primary source,” IEEE Trans. Ind. Elcctron.,
vol. 99, no. 8, pp. 101 23021, Aug. 2008

[36}S. M. Lukic. J Cao, R. C. Bansal, F Rodriguez, and A Emadi,
“Energy storage systems for automotive applications,” IEEE Trans.
Ind. Electron., vol. 55, no. 6, pp. 2258-2267, June 2008,

{371 HL. Yoo, S. K. Sul, Y. Park, and J. Jeong, "System inctegration and
power-tlow management for a series hybrd elecenic vehicle using
supercapacitors and bacteries,” [EEE Trans. Ind. Appl., vol. 44, no. 1,
pp. 108-114, Jan./Feb. 2008.

Phatiphat Thonnthong (Phatiphat. Thounthong@ensent. inpl-nancy. fr
or phtt@kmutnb.ac.th) is with King Mongkut’s University of
Technology North Bangkok in Bangkok, Thailand. Bernard Davat
and Stéphane Rael are with Nancy Université in France. Panarit
Sethakul is with King Mongkut's University of Technology North
Bangkok in Bangkok. Thailand. Thounthong and Davat are
Members of the IEEE. This article first appeared as “Analysis of a
Fuel Starvation Phenomenon of @ PEM Fuel Cell” ar the Fourth
Power Conversion Conference.

Authorized licensed use limited to: King Monkuts Institute of Technology. Downloaded on June 14, 2009 at 23 00 from IEEE Xplore  Restrictions apply

SYI/DJ0'3331'MMM o 6002 DNV ATNTM * INIZVOVW SNOILYDINddY A¥LSNANI 3331




JIIIIHNA[ IIF

International Journal on the Science and ’l:echno!c:gy
‘ of Battery, Fuel Cell and other Electrochemical Systams

- -
- -
-




Journal of Power Sources 193 (2009) 376-385

journal homepage: www.elsevier.com/locate/jpowsour

Contents lists available at ScienceDirect

Journal of Power Sources

Energy management of fuel cell/battery/supercapacitor hybrid power source

for vehicle applications

Phatiphat Thounthong®*, Stephane Raél?, Bernard Davat? :

* Department of Teacher Training in Electrical Engineering, King Mongkut's University of Technology North Bangkok, 1518, Piboolsongkram Road, Bangsue,

Bangkok 10800, Thailand

® Groupe de Recherche en Electrotechnique et Electronique de Nancy (GREEN: UMR 7037), CNRS, Nancy Université, INPL-ENSEM 2, avenue de la Forét de Haye,

Vandceuvre-lés-Nancy, Lorraine 54516, France

ARTICLE 1INPO

Article history:

Received 9 October 2008
Received in revised form

18 November 2008

Accepted 23 December 2008
Available online 8 January 2009

Keywords:
Battery
Converters
Current control
Electric vehicles
Fuel cells
Supercapacitor

ABSTRACT

This paper proposes a perfect energy source supplied by a polymer electrolyte membrane fuei cell (PEMFC)
as a main power source and storage devices: battery and supercapacitor, for modern distributed genera-
tion system, particularly for future fuel cell vehicle applications. The energy in hybrid system is balanced
by the dc bus voltage regulation. A supercapacitor module, as a high dynamic and high power density
device, functions for supplying energy to regulate a dc bus voltage. A battery module, as a high energy
density device, operates for supplying energy to a supercapacitor bank to keep it charged. A FC, as a
slowest dynamic source in this system, functions to supply energy to a batterv bank in order to keep
it charged. Therefore, there are three voltage control loops: dc bus voltage regulated by a supercapaci-
tor bank, supercapacitor voltage regulated by a battery bank, and battery voltage regulated by a FC. To
authenticate the proposed control algorithm, a hardware system in our laboratory is realized by analog
circuits and numerical calculation by dSPACE. Experimental results with small-scale devices (a PEMFC:
500-W, 50-A; a battery bank: 68-Ah, 24-V; and a supercapacitor bank: 292-F, 30-V, 500-A) corroborate
the excellent control principle during motor drive cycle.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

High prices for gasoline and oil are here to stay. As China, India
and other nations rapidly increase their demand for fossil fuels,
future fighting over energy looms large. In the meantime, power
plants that burn coal, oil and natural gas, as well as vehicles every-
where, continue to pour millions of tons of pollutants and green-
house gases into the atmosphere annually, threatening the planet.

Well-meaning scientists, engineers, economists and politicians
have proposed various steps that could slightly reduce fossil-fuel
use and emissions. These steps are not enough. Therefore, this con-
vinces us to dramatically change to hydrogen power, which would
be the reasonable answer to this energy crisis problem.

Furthermore, beyond finding new alternative fuels for internal
combustion engines (ICEs), researchers are working on hydrogen
fuel cells that offer another path toward environmentally accept-
able power [1-4]. To produce electricity, most PEM fuel cells must
be supplied either with hydrogen or with hydrocarbon compounds
that can be catalytically decomposed into hydrogen.

* Corresponding author. Tel.: +66 2 913 2500x3332; fax: +66 2 587 8255.
E-mail addresses: Phatiphat.Thounthong@ensem.inpl-nancy.fr,
phtt@kmutnb.ac.th (P. Thounthong).

0378-7753/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2008.12.120

There are many types of FCs characterized by their electrolytes.
One of the most promising ones to be utilized in electric vehi-
cle applications is the polymer electrolyte membrane FC (PEMFC)
because of its relatively small size, lightweight nature, and ease of
construction [5,6]. In addition, PEMFC may also be used in residen-
tial and commercial power systems [7].

For the past 10 years, many works have been done on the uti-
lizations of FCs in high power applications. Nowadays, the required
FC power is in the range of 0.5-kW to 2-MW:

e 0.5-kW to 2-kW for unmanned aircrafts [8] and 40-kW to 700-kW
for manned aircrafts [9,10}];

* 50-kW to 100-kW for urban cars [11-14};

* 100-kW to 200-kW for buses and light tram [15-17];

* 600-kW to 1-MW for tramways and locomotives [ 18-20];

* 480-kW to 2-MW for distributed generation systems (grid paral-
lel connection) [21-24].

The relatively short life of PEM fuel cells is a significant barrier
to their commercialization in stationary and mobile applications.
A longer life span for fuel cell components should be achieved to
ensure high reliability, low maintenance costs and to justify fuel
cells as economical alternative energy systems. Currently, the life-
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time target requires PEM fuel cells to achieve 5000 h for mobile and
40,000h for stationary applications [2].

The overall fuel cell performance decay rate, measured during
continuous and uninterrupted operation, is the sum of both the
stability and durability decay rates. Normal degradation targets
require less than 10% loss in the efficiency of the fuel cell system
at the end of life, and a degradation rate of 2-10 wV h=1 is typically
accepted for most applications [2].

According to Thounthong et al. [25,26] experimented on a 0.5-
kW PEMFC (ZSW Company, Germany) and a 1.2-kW Nexa™ PEMFC
(Ballard Power System Company, Canada), Corréa et al. [27] experi-
mented ona 0.5-kW PEMFC (BCS Technology Company)and 0.5-kW
PEMFC (Avista Company), Zhu et al. [ 28] experimented on a 0.5-kW
PEMFC (Avista Company), Yoneyama et al. [29] experimented on a
100-kW PEMFC for railway vehicles, and Gaynor et al. [30] experi-
mented on a 350-kW solid oxide FC, they point out the fact that the
FC time constants are dominated by temperature and fuel delivery
system (pumps, valves, and in some cases, & hydrogen reformer).
As a result, fast energy demand will cause a high voltage drop in
a short time, which is recognized as fuel starvation phenomenon
[30,31]. Fuel or oxidant starvation refers to the operation of fuel
cells at sub-stoichiometric reaction conditions. When starved from
fuel or oxygen, the FC performance degrades and the cell voltage
drops. This condition of operation is evidently hazardous for the FC
stack [31,32].

Several factors can cause reactant starvation. A poor water
management with flooding and a poor heat management during
sub-zero temperatures and cold start-ups with ice within the cell
can black the pores of the gas diffusion layers. A poor gas feeding
management can lead to non-uniform distribution of the reactant
gases resulting in partial or complete fuel ard/or oxidant starva-
tionorin sub-stoichiometric operation in individual cells, as already
demonstrated in [32]. Reliability and lifetime are the most essential
considerations in such power sources. Taniguchi et al. [32] clearly
presented that hydrogen and oxygen starvation caused severe and
permanent damage to the electro-catalyst of the fuel ceil. They
have recommended that fuel starvation must absolutely be avoided,
even if the operation under fuel starvation is momentary, in just
1s. In addition, an imperfect stack and cell design with an uneven
distribution of mass in the flow fields, a poor stack assembly as
well as quick load demands can be reasons contributing to gas
starvation.

Thus, to utilize a FC in dynamic applications (such as in a cars,
tramways or trains), its current or power slope must be limited to
circumvent the fuel starvation problem, for example, 4As~! for a
0.5-kW, 12.5-V PEMFC [33]; a 2.5 kW s~! for a 40-kW, 70-V PEMFC
[34]; and 5As™!, 10As~! and 50As~! for a 20-kW, 48 V PEMFC
[35]. Then, the electrical system must have at least an auxiliary
power source (energy storage device), such as battery or superca-
pacitor, to improve the system performance when electrical loads
atadcbus demand high power in a short time (for example, vehicle
acceleration and deceleration).

To illustrate vehicle characteristics, Fig. 1 depicts a speed and
power profile of a European urban tramway (weight: 40-60 tons)
during adrive cycle for a 500-m course. The acceleration and decel-
eration of the vehicle is sustained by electric motor drives with large
power. One can observe the following:

* The vehicle positive peak power is around 600, and the negative
peak power is around —800 kW.

* The positive and negative peak power durations are around 15s
and 105, respectively.

* The average power is between 100 kW and 200 kW according to
the auxiliaries (heating or air conditioning).

* The duration of drive cycle is 67 s.

50r

40

30r

Speed [km/h]

20+

10F

Vehicle Power (kW]

Do N RN RSN T e e
Time [s]

Fig. 1. Speed and power profile of a European urban tramway during a drive cycle
for a 500-m course.

Thus, one can say that the drive cycle is with a high level of
peak energy, a relative low average power, and duration around
67s. Overall, the main power source operates most of the time at
lower load. So, the hybridization consists in replacing the bulky
generator of 600 kW, for example, with a smaller capable of pro-
viding the average power of 100kW, and in coupling it with at
least energy storage devices (typically batteries and supercapaci-
tors) to provide the fluctuating power [36]. So, many recent works
have already reported the structures ot an FC/supercapacitor hybrid
source [37,38] and an FC/battery hybrid source [39,40] for vehicle
applications.

Energy storage technology is a main device in harvesting the
kinetic energy that is wasted whenever vehicles or large machines
must be slowed or stopped, called “regenerative braking energy”.
Although batteries have been successfully used in light-duty vehi-
cles, hybrid platforms for trucks, buses, tramways and trains will
require storage and delivery of much higher powers than can be
accommodated readily by batteries. Unlike batteries, new technol-
ogy storage device of electrochemical capacitors (ECs) can operate
at high charge and discharge rates over an almost unlimited num-
ber of cycles [1] and enable energy recovery in heavier duty
systems.

Like all capacitors, ECs (also called supercapacitors “SuperC” or
ultracapacitors because of their extraordinarily high capacitance
density) physically store charge. Conventional electrostatic and
electrolytic capacitors store charge on low-surface-area plates, but
supercapacitors store charge in an electric double layer set up by
ions at the interface between a high-surface area carbon electrode
and a liquid electrolyte. Supercapacitors first appeared on the mar-
ket in 1978 as farad-sized devices to provide computer memory
backup power [1].

The very high capacitance of supercapacitors comes at a cost. The
operating voltage of a supercapacitor cell cannot exceed the poten-
tial at which the electrolyte undergoes chernical reactions (typically
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2.5-3V per cell). For high voltage applications, supercapacitor cells,
like batteries, can be series-connected.

One of the most important advantages of batteries over super-
capacitors is their high energy density. They can store 3-30 times
more charge. However, supercapacitors can deliver hundreds to
many thousands of times the power of a similar-sized battery.
Besides, the highly reversible electrostatic charge stcrage in super-
capacitors does not produce the changes in volume that usually
accompany the redox reactions of the active masses in batteries.
Such volume changes are the main cause of the limited cycle life of
batteries (around 1000 cycles for a lead-acid battery), compared to
demonstrated full charge-discharge cycles for supercapacitors into
the many millions.

Presented here is a perfect hybridization of the batteries and
supercapacitors as energy storage devices with a PEM fuel cell as a
main source. It deals with the conception and the achievement of a
regulated dc bus voltage hybrid power. Its interest is focused on an
energy management in system, presented in Section 2. To authenti-
cate the proposed hybrid structure, a small-scale hardware system
is realized by analog circuits and numerical calculation (dSPACE).
Experimental results in Section 3 will illustrate the system perfor-
mances.

2. Fuel cell/battery/supercapacitor hybrid power source
2.1. Structure of hybrid power source

A series hybrid electric vehicle is a vehicle supplied by several
electrical sources. The power bus is a dc link between sources and
load. FCs produce dc voltage outputs, and they are always connected
to electric power networks through power conditioning units such
as dc/dc and dc/ac converters. Power conversion and control func-
tions form the basis of what has come to be known as the field
of power electronics. In recent years, power electronics technology
has been spurred by needs for efficient control of industrial applica-
tions and the development of more reliable lightweight switching
power supplies for sophisticated system.

Different power converter topologies can be used for the power
electronic interface between the fuel cell and the utility dc bus. For
the dc link voltage level, it is depending on its applications:

e 270V or 350V for the standard on the all-electric aircraft [41}];

® 48V, 120V,0or 400V to 480V for stand-alone or parallel grid con-
nections [42];

* 42V (PowerNet) [5];

* 270-540V for electric (fuel cell) vehicles [5.43];

e 350V (transit bus systems) to 750V (tramway and locomotive
systems) [17-20].

There are many possible structures to connect a main source
and two storage devices with the utility dc bus. The total mass, vol-
ume, cost and efficiency (optimization) of the propulsion system
are investigated. One of the good solutions is depicted in Fig. 2. It is
composed of a unidirectional converter (step-up converter) for a FC
stack, bidirectional (2-quadrant) converters for battery and super-
capacitor modules. It is the most sufficient configuration when
comparing mass, volume and cost, as detailed in [44,45].

For reasons of safety and dynamics, these converters are primar-
ily controlled by inner current regulation loops, classically [33,40].
These current control loops are supplied by three reference signals:
ISuperCREF» IBatREF. and ipcrer. generated by the energy management
algorithm presented hereafter.

Note that the definitions of current direction are also illustrated
in Fig. 2, and the dynamics of the current regulation loops are also
supposed to be much faster than those of the outer voltage control
loops, detailed hereafter. Thus, the currents isyperc, ipat. and igcrer
are considered to follow perfectly their references isypercrer. iBatREF
and igcReF-

2.2. Energy management of hybrid power source

To manage the energy exchanges between the sources and the
load at dc bus, three operating modes (or states) can be identified
here again [33,40}:

(1) Charge mode, in which the main source supplies energy to the
storage devices and to the load.

(2) Discharge mode, in which main source and storage devices sup-
ply energy to the load.

(3) Recovery mode, in which the load supplies energy to the storage
devices.
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As mentioned earlier, FC has slow dynamics. It can be compen-
sated by faster dynamics from storage devices. Batteries have the
best energy density but a bad power density. Contrary to batter-
ies, supercapacitors have lower energy density (1000 times lower)
but higher power density (100 times higher) and provide very fast
dynamic cycles (close to 1 ms) [1,37].

Furthermore, battery lifetime depends on many factors: the
operating temperature; the number and the depth of discharge
cycles; rate and eventually the amount and number of rest in a
discharged state and overcharge. To optimize the lifetime of the
batteries, it is advisable to limit the battery current slope in order
to ensure a longer battery lifetime. On the other hand, supercapaci-
tors can provide more cycles than batteries (virtually infinite cycles)
and are well suited to very fast dynamic cycles [46-50].

The energy management strategy based on a dynamic classifi-
cation, as portrayed in Fig. 3, aims at distributing the global power
mission of the vehicle (refer to Fig. 1) into the sources in such a way
that each source is optimally used. According to the three points
mentioned above embedded energy sources can be classified as
illustrated in Fig. 3. Note that the power unit in Fig. 3 is the normal-
ized unit (or per-unit [pu}). So, the defined dynamic classification
depicted in Fig. 3 is obtained from our simulation result. FC gen-
erator is controlled as the lowest dynamic power source. The FC
current or power slope must be limited to avoid the fuel starva-
tion problem. Normally, the FC limited current or power slope has
been experimentally determined as the highest slope of operated
FC system, where no fuel starvation occurs, for example, 4As~! for
a 0.5-kW, 12.5-V PEMFC [33]; and a 2.5kWs~! for a 40-kW. 70-V
PEMFC [34]. Supercapacitor is the highest dynamic power source,
which provides the micro-cycles and the fast dynamic power sup-
ply. Battery is between FC and supercapacitor in" the dynamic
classification.
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Fig. 3. Dynamic classification of the embedded sources.

Thounthong et al. [33,37] who studied a FC/supercapacitor
hybrid source have proposed the hybrid energy management by
regulating a dc bus voltage. Therefore, the proposed hybrid energy
management here is shown in Fig. 4. Its basic principle here lies
in using the supercapacitors (the fastest energy source), for sup-
plying energy required to achieve the dc link voltage regulation.
The batteries are controlled as the power source (with dynamic
limitations, F,) that supplies energy to the supercapacitors to keep
them charged. Then, the FC, although obviously the main energy
source of the system, is functioned as the generator (with dynamic
limitations, F;) that supplies energy to the batteries to keep them
charged.

Consequently, the supercapacitor converter is driven to realize a
classical dc bus voltage regulation. The battery converter is driven
to maintain the supercapacitors at a given state-of-charge, here the
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Fig. 4. Proposed energy management of the fuel cell/battery/supercapacitor hybrid power source.
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supercapacitor voltage regulation. Then, the FC converter is also
driven to maintain the batteries at a given state-of-charge, here the
battery voltage regulation. As a result, the hybrid system composes
of three-controlled variables:

the dc bus voltage vgys,
the supercapacitor voltage vsyperc, and
the battery voltage vga;.

and three-control variables:

* the supercapacitor current reference isypercrer.
» the battery current reference igrgf, and
e the FC current reference igcgrgr.

As depicted in Fig. 2, one may write the classical power conser-
vative law (without losses) of the FC/battery/supercapacitor hybrid
power source as follow:

pLoad(t)=pSuperC(t)+pBaK(t)+pFC(t) (1)

where pygaq is the load power, psyperc is the supercapacitor power,
Pgat is the battery power, and pgc is the fuel cell power.

2.2.1. DC bus voltage control loop

The dc bus voltage control loop considers a dc bus capacitive
energy Egys as state variable, and the supercapacitor delivered
power as command variable, to obtain a natural linear transfer
function for the system [37]. If the losses in the FC, battery, and
supercapacitor converters are neglected, the dc link capacitive
energy is given versus supercapacitor pOwer psyperc, battery power
Pgat, FC power pgc and load power p, .4 by the following differential
equation:

dE?rS(t) = Psuperc(t) + PBar(t) + Prc(t) — Proad(t) (2)

which shows that the transfer function “Eg,s/psc” is a pure integra-
tor [37]. The dc bus energy measurement is carried out by means
of the following classical calculation:

EBus(t)= %‘CBus'Vgus(t) (3)

where Cgys is the total capacitance of capacitors at the dc bus (refer
to Fig. 2, Cpys=Cy +Co +C3+C4 +Cs). It enables the generation of
both bus energy reference and bus energy measurement, through
dc bus voltage reference vgysger and dc bus voltage vgys, respec-
tively. Supercapacitor power reference psupercrer is generated by
means of a proportional-integral (PI)-controller. So, a first-order fil-
ter is used for Egys to reduce harmonics due to switching. psupercrer
is then divided by the measured supercapacitor voltage vsypercMea,
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Fig. 5. Constant current-constant voltage charging of a lead-acid battery.

and limited to maintain supercapacitor voltage within an interval
[Vsupercmin: VsupercMax J- The upper value Vsypercmax Of this interval
corresponds to the maximum voltage of the storage device, and
the lower value Vg, percmin, traditionally equal to Vsypercmax/2. to a
level under which supercapacitor discharge becomes ineffective.
This results in the supercapacitor current reference iscgg-

The supercapacitor current-voltage saturation function called
“SuperC Limitation Function” as portrayed in Fig. 4, consists of lim-
iting the reference isypercrer to the interval [maximum charging
current Isypercmin (negative value), maximum discharging current
Isupercmax (Positive value)] defined, versus the measured superca-
pacitor voltage vsypercmea as follows [33}]:

. 1 VSuperC;\{ax % VSuperCMea
!SuperCMin o _’SuperCRated -min . Av

(4)

2 VSuperCMea gl VSuperCMm
IsupercMax = +IsupercRated - MIN | 1, A

where, Is,percrated and Av are the regulation parameters.

2.2.2. Supercapacitor voltage control loop

As presented in Fig. 4, a proportional (P)-controller is sufficient
for the supercapacitor voltage control loop, as far as the propor-
tional gain is high enough to introduce only a little static error.
So, a first-order filter is used for supercapacitor voltage measure-
ment, to reduce switching harmonics. The output signal from the
regulator must be limited in level and slope, to respect constraints
associated with the battery. Then the battery reference signal igairer
that drives the battery converter through the battery current con-
trol loop is then kept within an interval [maximum discharging
current Igypis (positive value), maximum charging current lgycp
(negative value)]. Moreover, the “Battery Current Slope Limitation”
atadelay F, enables safe operation of the battery, even during tran-
sient power demand. To obtain a natural linear transfer function,
a second-order delay (filter) F, is chosen for the battery current
dynamics as follow:

1
Fy(s) = (5)
(s/wn2)* +(2- {2/wn2)s + 1
where wp; and ¢; are the regulation parameters. So, a delay F; of the
battery dynamics must be faster than a delay F; of the FC dynamics,
refer to Figs. 3 and 4.

2.2.3. Battery voltage control loop

The proposed battery voltage control loop is also portrayed in
Fig. 4. The simple method to charge the battery is the constant
current-constant voltage (CCCV) charging as depicted in Fig. 5
[40], where Qg is the battery capacity. The battery current is
constant (maximum battery charging current /g imax is set around
Qpat/5-Qgat/10; for a Li-ion battery, it can be set at Igyivax = Qsat)
when the actual battery voltage vg,, is far from the battery voltage
reference vgarer and reduced current when vg,, is near vgyrer and
zero when vg, is equal to vgarer (Fig. 5). Note here that a similar
structure of the battery charging algorithm based on battery state-
of-charge SOC has been reported in [40]. So. the main problem is
that the battery capacity Qg,c is not constant. It is dependent on
many factors as follows [40]:

the depth of discharge,

e discharge rate,

 cell temperature,

¢ charging regime,

e dwell time at low and high SOC,

» battery maintenance procedures,

e current ripple, and

e amount and frequency of overcharge.
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Fig. 6. Simulation result: hybrid source response during a high positive load step.

As a result, the battery voltage is here considered as a battery
SOC. According to the proposed battery charging algorithm here,
a P-controller is enough to generate a battery charging current.
This signal must be limited within an interval [maximum charging
current Igamax (equal to —1-Igyecp ), maximum discharging current
Igarmin (€qual to —1-Ig,pis). The measured battery current must be
inversed because the definition of battery current is negative for
charging current.

2.2.4. Battery charging control loop

The battery charging control loop receives igycom from a bat-
tery voltage regulation loop as illustrated in Fig. 4. A P-controller
is sufficient to generate the FC current reference ircres. It must be
limited in level, within an interval [maximum FC current Igcpax (cor-
responding to a FC rated current), minimum FC current Igcy;, (set
to 0A)] and limited in slope, which enables the safe operation of
the FC in order to respect constraints associated with the FC, as far
as the proportional gain is high enough to introduce only a small
static error.

A first-order low-pass filter is used for the battery current mea-
surement to reduce ripple current coming from the switching
frequency. Moreover, the “FC Current Slope Limitation” at a delay
Fy enables safe operation of the FC. To obtain a linear transfer func-
tion, a second-order delay (filter) F; is also chosen for the FC current
dynamics as:

1
= (s/wn )2 +(2-81/wn)s+ 1

where wp; and {; are the regulation parameters.
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Fig. 7. Simulation result: Hybrid source response during a high negative load step
(imitated regencrative braking).

2.2.5. Corclusion of proposed control algorithm

Using this form of control, the state of the supercapacitors is
naturally defined, through the dc link voltage regulation, by the
load power level and by its state-of-charge. In narrow steady-state
conditions:

(1) if load power is negative, the dc link voltage regulation gener-
ates a negative isypercRrer:

(2) if load power is positive greater than the approximate FC rated
power summing with the battery rated power, the dc link volt-
age regulation generates a positive iscrgr;

(3) otherwise, the state of the supercapitors depends on its state-
of-charge: supercapacitor current will therefore be positive if
VsuperC > Vsup erCREF, negative ifl'Super(‘ < VsupercRrer-

In all cases, battery state depends on supercapacitor voltage and
its voltage. FC state depends only on battery voltage. The FC current
will be strictly positive and less than Igcraeq- Otherwise it will be
zero.

In transient conditions, as FC and battery power dynamics
have been intentionally reduced by F, and F;, the supercapacitor
supplies load variations. In effect, the dc bus voltage regula-
tion transforms a sudden increase in load power into a sudden
increase of supercapacitor current, and on the contrary a sudden
decrease in load power into a sudden decrease of supercapacitor
current.

vz \

T\

Fig. 8. Test bench of the fuel cell/battery/supercapacitor hybrid power source.
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Fig. 9. Hybrid source response during motor starting to a final speed of 800 rpm.

Finally, Figs. 6 and 7 present simulation results during a high
constant stepped load power. There are the load, supercapacitor,
battery, and fuel cell power. In simulation, the FC minimum and
maximum powers are set at 0.0pu and 1.0 pu, respectively, and
the battery minimum and maximum powers are set at —0.2 pu
(corresponding to the maximum charging current) and 1.0 pu (cor-
responding to the maximum discharging current), respectively. As
illustrated in Fig. 6, initially the supercapacitor and battery mod-
ules are full-of-charge, the load power is zero. As a result, the fuel

cell, battery, and supercapacitor powers are zero. At t=10s, the
constant load power steps to 4.0 pu. One can observe the follow-

ing:

* The supercapacitor module supplies most of the transient power
requirec.

* The supercapacitor power is the fastest dynamics; the battery
power is in the middle dynamics; then the FC power is the slowest
dynamics.
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Fig. 10. Hybrid source response during motor braking from an initial speed of 800 rpm to stop.

* Synchronously, the supercapacitor power, after a sharp increase
(discharging), decreases slowly to a constant discharge at 2.0 pu.

* At steady-state, the constant load power of 4.0 pu is entirely sup-
plied by the FC of 1.0 pu, the battery of 1.0 pu (discharging state),
and the supercapacitor of 2.0 pu (discharging state).

Asafinal simulation illustrated in Fig. 7, initially the supercapac-
itor and battery modules are full-of-charge, the load power is zero.

As a result, the fuel cell, battery, and supercapacitor powers are
zero. At t=10s, the constant load power steps to —2.0 pu (imitated
regenerative braking). One can see again the following:

* The supercapacitor module supplies most of the transient power
required.

* The supercapacitor power is the fastest dynamics, and then fol-
lowing by the battery power.
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* The FC power is still zero power, because the FC power source is
a unidirectional power flow.

* Simultaneously, the supercapacitor power, after a sharp decrease
(charging), increases slowly to a constant charge at —1.8 pu.

e At steady-state, the constant regenerative braking power of
—2.0 pu is entirely absorbed by the battery of —0.2 pu (charging
state), and the supercapacitor power of —1.8 pu (charging state).

3. Experimental validation
3.1. Test bench description

A PEM fuel cell system (500W, 50A) studied here was
constructed by the Zentrum fiir Sonnenenergie und Wasserstoff-
Forschung (ZSW) Company, Germany. It is composed of 16 cells
in series with area of 100 cm?. It is supplied with pure hydrogen
from bottles under pressure and with clean, dry air from a com-
pressor. Storage devices are obtained by means of two lead-acid
batteries (68 Ah, 12 V) connected in series, and twelve supercapaci-
tors (3500F, 2.5V, 500 A) developed and manufactured by the SAFT
Company, France connected in series. In addition, a small-scale test
bench in our laboratory is presented in Fig. 8.

The FC converter is a classical boost converter [25]. The battery
and supercapacitor converters are bidirectional (2-quadrant) con-
verters [33]. The load at dc link is only a traction motor drive of
2 kW coupled with a small-inertia flywheel.

The dc bus studied here is 42V (PowerNet) [5]. For the super-
capacitor, battery, and FC current control loops, they have been
realized by analog circuits to function at high bandwidth. For the
dc bus voltage, the supercapacitor voltage, the battery voltage, and
the battery charging regulation loops have been implemented in
the real time card dSPACE DS1104, through the mathematical envi-
ronment of Matlab-Simulink, with a sampling frequency of 25 kHz.
The ControlDesk™ software enables changes in the parameters of
the control loops. The measurements of the dc bus voltage vg,s, the
supercapacitor voltage vsyperc, Supercapacitor current Isuperc, the
battery voltage vg,, the battery current ig,, and the FC current igc
have been realized by means of zero-flux Hall effect sensors.

The voltage reference signals are set as follows:

* Vpusrer =42V,
® Vgarer =25V,
® Vsupercrer =26 V.

For the minimum and maximum controlled parameters are set
as follows:

® Isupercrated =200 A,
® Vsupercmin =15V,

® VsupercMax =30V,

e Av=0.5V,

® Igarcn=—6A,

® Igarpis = +20 A,

® IgatMax =6 A,

® Igarmin = —20A,

® Ircmin =0A,

® Ircmax =25 A.

Note here that for safety reasons the maximum FC current Ircmax
is set at 25 A (around 280 W) in place of 50 A (rated current).

3.2. Experimental results

Figs. 9 and 10 portray waveforms obtained during a motor drive
cycle. They present the dc bus, supercapacitor, battery, and FC

voltages; supercapacitor, battery, and FC curre
imately as a motor power), supercapacitor, batte
and motor speed.

As portrayed in Fig. 9. the initial state is zero for the load,
supercapacitor, battery, and fuel cell powers. It means that the
supercapacitor and battery modules are full of charge. One can
observe the supercapacitor voltage is equal to the supercapacitor
voltage reference of 26V, and battery voltage is equal to the bat-
tery voltage reference of 25 V. At t =4, the motor starts to the final
speed of 800 rpm, so that the steady-state load power supplies by
the FC, battery, and supercapacitor sources. It can be observed the
following:

¢ The supercapacitor module supplies most of the transient power
required during motor acceleration. .

e The supercapacitor power is the fastest dynamics; the battery
powerisin the middle dynamics; then the FC power is the slowest
dynamics.

¢ Synchronously, the supercapacitor power, after a sharp increase
(discharging) during motor acceleration, decreases slowly to a
constant discharge at around 160 W.

» The steady-state load power is approximately 600 W, totally sup-
plied by the FC, battery, and supercapacitor sources. The FC
operates at a maximum current of 25A, and the battery module
is in the state of discharge with the constant discharging current
’BatDis of 20A.

As a final test, Fig. 10 presents waveforms obtained at motor
braking from an initial speed of 800 rpm to stop at t=4s. One can
scrutinize the regenerative braking energy from the traction motor
supplies back to the dc bus, demonstrating four phases as follows:

e First, the supercapacitor recovers the energy supplied to the dc
link by the FC, the battery, and the motor regenerative braking.

» Second, the FC supplies power for charging the supercapacitor
and battery storage devices.

¢ Third, when the supercapacitor module is nearly full of charge, the
FC power slowly reduces to charging only the battery module.

* Fourth, the supercapacitor module is full of charge (Vsypercrer =
Usuperc)- Cansequently, the FC supplies energy for only charging
the battery.

Excellently, only little perturbations on the dc bus voltage can
be seen during motor start/stop and the dynamics of FC and battery
powers are reduced, which is of major importance in the proposed
energy management hybrid power source.

4. Conclusions

The key objective of this present work is to propose an original
control algorithm for a dc distributed generation supplied by a fuel
cell main source, and the perfect storage devices: supercapacitors
and batteries. The combined utilization of batteries and superca-
pacitors is the perfect hybridization system of a high energy and
high power density. The study mainly focuses on the FC, battery
and supercapacitor taking account of the intrinsic energetic char-
acteristics of these sources (i.e. energy and power densities, typical
operating dynamics) in the energy management strategy. Hence,
the control principle presents how to stay away from the fast tran-
sition of the FC and battery powers, and then reducing the FC and
battery stresses. As a result, hybrid power source will increase its
lifetime.

Experimental results in our laboratory carried out using a small-
scale test bench, which employs a PEMFC (500W, 50A), and
storage devices composed of supercapacitor bank (292 F, 30 V) and
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lead-acid battery module (68 Ah, 24 V), corroborate the excellent
performances of the proposed energy management during a motor
drive cycle. During motor starts/stops or other significant steps in
load, the storage elements provide the balance of energy needed
during the momentary load transition period; and also absorbs
excess energy from regenerative braking.
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An Investigation of Fuel Cell/Battery
and Fuel Cell/Supercapacitor Hybrid Sources for Vehicle Applications

.

odern fuelcell (FC) vehicles (such as cars, buses, tram-
ways, trains, or aircrafts) arose from an infusion of
research money by several research agencies, including
the U.S. Department of Energy (DOE) [1], [2], the Istituto
PHATIPHAT THOUNTHONG Motori of Italian National Research Council (CNR) [3],
and STEPHANE RAEL the French National Center for Scientific Research
(CNRS) [4]. the French National Railways Company
(SNCF), the ALSTOM Company [5], the Japan Railway Technical Research Insti-
tute [6]-[8], and so forth. The aim of this research is to study, analyze, and test

energy-efficient and environmentally friendly traction systems.
FCs are able to generate electrical power with high-efficiency, low-operation
noise, and no emissions from hydrogen or hydrogen-rich reformer gases and air.
The byproducts are exhausted gases, water, and waste heat. The supplied electrical
power can be used in vehicles for propulsion and operation of electrically powered




accessories. Polymer electrolyte mem-
brane FCs (PEMFCs) use a solid poly-
mer electrolyte membrane, operate at
lower temperature, and are considered
most suitable for vehicle applications
[91-{12].

PEMFC systems require onboard
stored hydrogen or hydrogen-rich gas-
es generated onboard from liquid
fuels, such as methanol, or the conven-
tional hydrocarbons, gasoline and die-
sel. Because more advanced vehicles,
such as the FC electric vehicle, have
one energy storage (buffer) device as
part of the propulsion system, it is pos-
sible and necessary to apply advanced
control technologies to significantly
optimize the vehicle’s fuel economy,
emissions, and drivability [13].

According to the recent works of
Corréa et al. [14], [15] (who wo.ked
with a 0.5-kW PEMFC by BCS Technol-
ogy Company and 0.5-kW PEMFC by
Avista Company), Thounthong et al.
[16], [17] [who worked with a 0.5-kW
PEMFC by Zentrum fiir Sonnenener-
gie und Wasserstoff-Forschung (ZSW)
Company and a 1.2.kW Nexa PEMFC
by Ballard Power System Company],
Zhu et al. [18] (who worked with a

0.5-kW PEMFC by Avista Company),
Wang et al. [19] (who worked with a
0.5kW PEMFC by Avista Company),
and Gaynor et al. [20] (who worked
with a 350-kW solid oxide FC), the FC
time constants are dominated by
temperature and fuel delivery system
(pumps, valves, and, in some cases, a
hydrogen reformer). As a result, fast
energy demand will cause a high-volt-
age drop in a short time, which is rec-
ognized as fuel starvation phenomenon
[21]-[23]. Fuel or oxidant starvation
refers to the operation of FCs at substoi-
chiometric reaction conditions. When
starved from fuel or oxygen, the
performance of the FC degrades, and
the cell voltage drops. This condition of
operation is evidently hazardous for
the FC stack [24].

Therefore, to use an FC in dynamic
applications, its current or power slope
must be limited to circumvent the fuel
starvation problem, e.g., 4A -s~! for
a 0.5-kW, 12.5-V PEMFC [25] and
5A-s71.10A-s™! and50A-s ! fora
20-kW, 48V PEMFC [26]. As aresult, the
vehicle electrical system must have at
least an auxiliary power source (energy
storage device), such as battery or

Group Group Heating Ventilation
Compressing Pantograph Electric Box
Power Converter Braking Resistor | Group Braking
Generator p

R

(b)

T T T T R Y

Guidance

S

Traction Motor

FIGURE 1—Modern European tramway Bombardier TVR: (a) front view of the tramway in
Nancy City Center, Lorraine, France, and (b) side view drawing of the three-car tramway.
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supercapacitor, to improve the per-
formance of the system when electrical
loads at a dc bus demand high power in
a short time (e.g., vehicle acceleration
and deceleration) [27], [28].

An FC vehicle can benefit from
being hybridized with an energy stor-
age device, which assumes some of
the roles the FC would normally han-
dle. It may increase fuel efficiency and
improve the performance of the vehi-
cle. Each energy storage type has
advantages and disadvantages: a
battery has lower power and high
energy-storage capability, and a super-
capacitor (ultracapacitor) has higher
power but relatively low energy-stor-
age capability. So, the energy storage
systems in FC hybrid vehicles offer the
well-known ability to [29], [30}]

m absorb regenerative braking energy

#» improve fuel economy

a provide a more flexible operating
strategy

m overcome FC cold start
transient shortfalls

= potentially lower the cost per
unit power.

This article presents the impact of
the performance of an FC and contiol
strategies on the benefits of hybridiza-
tion. The possibilities to use a superca-
pacitor or battery bank as an auxiliary
source with an FC main source are
presented in detail. One considers that
the storage devices are faster than an FC
main source. Then, the storage device
can complement the main source to
produce the compatibility and perform-
ance characteristics needed in a load.
The studies of two hybrid power sys-
tems for vehicle applications, FC/battery
and FC/supercapacitor hybrid power
sources, are explained. Experimental re-
sults with small-scale devices (a PEMFC
of 500 W, 40 A, and 13 V; a lead-acid bat-
tery module of 33 Ah and 48 V; and a
supercapacitor module of 292 F, 500 A,
and 30 V) in laboratory will illustrate
the performance of the system during
motor-drive cycles.

and

Conventional Power

Train Architecture

For example, a modern European tram
vehicle named modified Bombardier
Transport sur Voie Réservée (TVR) is

at 14:45 from |EEE Xplore. Restrictions apply.



presented in Figure 1. The front view
of a rubber-tired vehicle in Nancy City
Center, Lorraine, France, is given in
Figure 1(a). The side view drawing of
the three-car tramway is portrayed in
Figure 1(b). The basic specifications of
the vehicle are total weight (with six
people/m?) = 38,000 kg, maximum
inechanical power = 300 kW (2« 150
kW), maximum speed = 70 km/h, and
length = 25 m.

As depicted in Figure 2, the con-
ventional power train of a tramway
contains traction motors with their
inverter and electronic loads, such as
conditioning system and heating. The
main electrical energy comes from the
overhead contact line through the
pantograph. This architecture allows
the partial reuse of the regenerative
braking energy of the vehicle if
another vehicle is capable of using it.
In this case, instead of burning it in the
braking resistor, it is first used for the
auxiliaries of the vehicle, and the com-
plement is sent via the pantograph in
the overhead contact line to another
vehicle. To prevent high voltage at the
dc bus, in case of control failure, or
high energy during rapid braking of
the traction motor when the storage
device is fully charged, this structure
must have a protection circuit

Overhead dc Bus: 750 V
Contiact Line_Pantograph_ B Inverter Traction Motor
< m\t =]
R : nyi 5

Inverter Tractioq Motor s

Note: Energy Flow = | o
i— L
Braking  cho aciifbas
Resistor Eper __1nver 4

— = 1 = ! ggOHV' Cabins: 5

% ; i - — = TZ_ Air Conditioning, |

B =4 H Heating, etc... ;

FIGURE 2 - Schematic diagram of power-conventional tramway.

@ negative peak power is —-800 kW

during around 10 s.

Therefore, the drive cycle is char-
acterized by a great number of
microcycles with a high level of peak
energy, a relative low average pow-
er, and duration between 1 and 2
min. Overall, most of the time, the
main power source operates at
lower load. So, the hybridization
consists of replacing the bulky
generator of 600 kW with a smaller
one of 100 kW capable of providing
the average power. It is then coupled
with at least one energy storage
device (typically batteries or super-
capacitors) to provide the peak

.

energy demanded and absorb the
regenerative braking energy.

Battery Versus Supercapacitor
as an Energy Storage Device
The battery is still the most extensive
energy storage device to provide and
deliver electricity. Today, there are
many kinds of battery technologies
used, such as lead-acid, NiCd, NiMH,
or Li ion. Using analytical expres-
sions to model a battery behavior
has always been limited by the com-
plex nature of battery electrochemis-
try [31]-[33]. For lead-acid cell, the
terminal voltage of battery V;, and
internal resistance R}, are strong
functions of the state of charge

by dissipating high energy in a
braking resistor.

To illustrate vehicle charac-
teristics, Figure 3 depicts the
speed and power profiles of an
European urban tramway during
a drive cycle for a 500-m course.
The acceleration and decelera-
tion of the vehicle is sustained by
motors and electric drives with
large power. The characteristics
of the vehicle are as follows:
@ vehicle peak power
around 600 kW
peak power duration is
around 18 s (related to the
slope)
average power is between
100 and 200 kW according
to the auxiliaries (heating or
air conditioning)
duration of standard cycle

is

Vehicle Speed (km/h)

Vehicle Power (kW)

- i : i 3 : : :
’0000 10 20 30 40 50 60 70 80
Time (s)

(80C). The actual voltage
curve is linear over most of its
operating range; nevertheless,
at the end of discharge, the
voltage decreases very rapidly
toward zero. This is because
the internal resistance of a
lead-acid battery is almost lin-
ear during discharge, but the
losses are substantial below
25% SOC because of the in-
crease in internal resistance of
the battery. This is a reasona-
ble work for the case of bat-
teries used in electric vehicles,
because the battery is typically
operated only down to 60%
SOC [or 40% depth of dis-
charge (DOD), the amount of
energy capacity that has been
removed from a battery]. Usu-
ally, DOD is expressed as a per-

is between 67 and 80 s
according to the slope

FIGURE 3 —The speed and power profiles of an European
urban tramway during a drive cycle.

centage of the total battery
capacity, and DOD = 100% -
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SOC. So, the well-known bat- Moreover, Figure 4 com-

tery SOC estimation is defined 10,000 p— rrpr s pares the advanced techologies

Supercapacitors HP: High Power f e :

as [32], [33] o Cu ] of batteries and supercapaci-
2 . HE: High Energy]

S Lng) : tors in terms of specific power

t () L i LS T . < l Fa

SOC(H) = 1 / inac (0 5 LOOOf PP ey and energy. Even though it is

Qpat Js, 2 O true that a battery has the larg-

+ SOCy (%), @) 2_3 100'_ ~ Li-lon (HE) iy est energy density (meaning

'§ more energy is stored per

where SOCy is the known bat- & i weight than other technolo-

tery SOC (in percentages) at 10 i i gies), it is important to con-

the time ty, Qpa is the rated 0 s 52, E wr?/k 150 sider the availability of that

capacity (Ah), and igy (7) is gty 9 | energy. This is the traditional

g

the battery current (A).

Energy storage by super-
capacitors is an emerging
technology. Current break-
throughs in material design
and fabrication methods aimed at
maximizing rated capacitance have
provided a tremendous increase in
the energy storage capabilities of the
supercapacitor [34], [35]. For exam-
ple, an innovative prototype superca-
pacitor SC3500 model developed and
manufactured by SAFT is 3,500 F, 2.5
V. 500 A, and 0.65 kg with a maximum
energy storage capacity of 10,938 J
(2kW-kg™! and 4.67Wh-kg™') in an
equivalent series resistance (ESR) of
only 0.8 mQ (representing small losses).
Terminal voltage of the supercapaci-
tor is limited, though, because of dis-
sociation of the electrolyte. This limits
the maximum voltage of 2.5-3 V.

When comparing the power charac-
teristics of supercapacitors and bat-
teries, the comparisons should be
made for the same charge/discharge
efficiency. Only one half of the energy
at the peak power from the battery is
in the form of electrical energy to
the load, and the other one half is

FIGURE 4 —Specific power versus specific energy of modern
storage devices: supercapacitor, lead-acid, and Li-ion battery
technology. The supercapacitors and Li-ion batteries are
based on the SAFT company.

dissipated within the battery as heat in
the ESR. This is to say that the effi-
ciency of batteries is around 50%. For
supercapacitors, the peak power is
usually for a 95% efficient discharge, in
which only 5% of the energy from the
device is dissipated as heat in the ESR.
For a corresponding high-efficiency
discharge, batteries would have a
much lower power capability.

Furthermore, the main drawback of
the batteries is a slow-charging time,
limited by a charging current [36]; in
contrast, the supercapacitors may be
charged in a short time depending on
a high-charging current (power) avail-
able from the main source. The capaci-
tor voltage vc can then be found using
the following classical equation:

we® = [ e+ vc), @

)

where ic is the capacitor charging
current.

. FC dc Bus
b C?T/erter ‘ﬂ/ﬂu :

Inverters Traction Motors

Load “rm—

— | PrC

Water Heat
Battery Module i
g o Bat

b,
-
Pat

FIGURE 5 Concept of FC/battery hybrid power source, where prc (= Vrc X irc), Vrc, and iec
are the FC power, voltage, and current, respectively. pgat(= VBat X igat), VBat, and iga are the
battery power, voltage, and current, respectively. poad(= Veus X iLoad)s VBat, aNd i 0ag are the
load power, dc-bus voltage, and load current, respectively. pioag = Prc + Psat- It has been
assumed that there are no losses in FC converter, and here, vgys is Vgat.
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advantage of capacitors. With a
time constant of less than 0.1 s,
energy can be taken from a
capacitor at a very high rate
[37]-(39]. On the contrary, the
same-size battery will not be able to
supply the necessary energy in the
same time. More advantageous, unlike
batteries, supercapacitors can with-
stand a very large number of charge/
discharge cycles without degradation
(or visually infinite cycles) [11].

FC/Battery and FC/
Supercapacitor
Hybrid Power Sources

Structure of the Hybrid
Power Sources
The FC operates giving dc and a low-
dc voltage, and it is not current revers-
ible; thereby, the step-up converter
(called the FC converter) is always
selected to adapt the low-dc voltage
delivered by the FC to the utility dc-
bus voltage [40]-[42].

The constraints to operate an FC
are as follows:

1) The FC power or current must
be kept within an interval (rated
value, minimum value, or zero).

2) The FC current must be con-
trolled as a unidirectional current.

3) The FC current slope must be
limited to a maximum absolute
value (e.g., 4A-s~! [25]) to pre-
vent an FC stack from the fuel
starvation phenomenon.

4) The switching frequency of the
FC current must be greater than
1.25 kHz, and the FC ripple cur-
rent must be lower than around
5% of rated value, to ensure
minor impact to the FC condi-
tions [43].

09 at 14:45 from IEEE Xplore. Restrictions apply




Concepts of the FC hybrid power
sources are depicted in Figures 5 and
6. Because battery voltage, e.g., in a
lead-acid battery, is nearly constant
and virtually independent from dis-
charge current and drops sharply
when almost fully discharged, we
propose the FC/battery hybrid
source (Figure 5) by connecting the
battery module directly to a dc bus
[44], [45]. For the FC/supercapacitor
hybrid source (Figure 6), the super-
capacitor module is frequently con-
nected to the dc bus using a classical
two-quadrant (bidirectional) dc/dc
converter [46], [47]). The supercapa-
citor current isyperc, which flows
across the storage device, can be
positive or negative, allowing energy
to be transferred in both directions.
The definitions of current direction
are also illustrated in Figures 5 and 6.

Energy Management of the
Hybrid Power Sources
For reasons of safety and dynamics,
the FC and supercapacitor convert-
ers are primarily controlled by inner
current-regulation loops, classically.
The dynamics of the current-regula-
tion loops are also supposed to be
much faster than those of the outer
control loops, detailed hereafter.
Therefore, the currents isyperc and irc
are considered to follow perfectly
their references iSuperCREF and fpcRer-
Besides, when an FC operates, its
fuel (hydrogen and oxygen) flows are
controlled by an FC controller, which
receives current demand. This
current demand is the FC current
reference ipcrer coming from the
hybrid-control algorithms. The

FC dc Bus )
FC_ . Converter & Inverters Traction Motors
H2 /FC — VBys| 'Load mmmm— <
= —r =
v,
02 £ — FFE fb
. " e
g Water Heat
upercapacitor Supercapacitor Braking
Module Converter Chopper  gegistor
P <o | T
iSuperC g HM] - | d
Pe = }Psugerc = E Note: Energy Flow=$
VsuperC )

FIGURE 6 —Concept of FC/supercapacitor hybrid power source, where pgc (= Vec X isc), Vec, and
ic are the FC power, voltage, and current, respectively. psyperc (— V: X superc )s Vsuperc, and
isuperc are the supercapacitor power, voltage, and current, respectivmmd(z Vs X Fioad): Vhose
and i q,4 are the load power, dc-bus voltage, and load current, respectively. poad = Prc + Psuperc-
It has been assumed that there are no losses in FC and supercapacitor converters.

To manage the energy exchanges
among the loads in the hybrid system,
the main source (here the FC), auxil-
iary source (the battery or supercapa-
citor), and three operating modes (or
states) can be identified [11]:

m Mode i: charge mode, in which
the main source supplies energy
to the load and/or to the storage
device (Figure 3; during 0-10 s,
26-46 s, and 56-80 s)

@ Mode ii: discharge mode, in which
both main source and storage
device supply energy to the load
(Figure 3; during 10-26 s)

# Mode iii. recovery mode, in
which the load supplies energy
to the storage device (Figure 3;
during 46-56 s). '

As mentioned earlier, the FC has
slow dynamics. This can be compen-
sated by faster dynamics from a stor-
age device. The energy-management
strategy based on a dynamic classifi-
cation aims at distributing the global

power mission of the vehicle (Figure
3) into the sources in such a way that
each source is optimally used. Accord-
ing to the dynamic characteristics of
the hybrid power source mentioned
earlier, embedded energy sources can
be classified as illustrated in Figure 7.
An FC generator is controlled as the
lower dynamic power source. An auxil-
iary source is controlled as the higher
dynamic power source, which pro-
vides the microcycles and fast
dynamic power supply in the dynamic
classification.

Therefore, the hybrid source-con-
trol strategies presented here intelli-
gently lies in using the storage
device, which is the fastest energy
source of the system, for supplying
the transient energy and absorbing
the regenerative braking energy
required by the load, as if this device
were a standard power supply. In
consequence, the FC may be seen as
the generator that supplies energy

to keep the storage device

fuel flows must be adjusted to
match the reactant delivery
rate to the usage rate by an FC
controller. For this reason, the
inner FC current control loop is
obligatory, and the hybrid-con-
trol algorithms demand energy
from the FC to dc link by gener-
ating ircrer [48], which is sent
to the FC system synchro-
nously. One can take advantage
of the safety and high-dynamic

g & Q=
> o o ©
T T

Power (p.u.)

o o
Lo B ]
1

charged, although it is obvi-

T >Auxiliary Source !

ously the main energy source

G BB R B ML

i L i 1 i 1 I

of the system.

5 FC/Battery Hybrid

Power Source
One takes advantage of a bat-
tery bank (which is directly

& connected to a dc bus for sup-

0 10 20 80 40 50 &0 70
Time (s)

plying transient energy de-
mand and peak loads required
during traction motor accelera-

characteristics of this loop
as well.

FIGURE 7 —Dynamic classification of the FC hybrid power
source (in p.u.).

tion and deceleration) as if this

device is a standard power
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supply. The proposed control strategy
is a cascade-control structure com-
posed of three loops as portrayed in
Figure 8. The outer loop is the battery
SOC control that links the battery
SOC to the battery charging current
reference igarer. The middle loop
controls the battery charging current
and links ipyrer to the FC current
reference ircrer. The inner loop is the
FC current control, which
presented in Figure 8.

The simple method to charge the
battery is constant current (maximum
charging current /gymay is set around
Qga/10; for a modern Li-ion battery, it
can be set at Jgymax = Qpat) When the
SOC is far from the SOC reference
(SOCger) and reduced current when
the SOC is near SOCggr and zero when
the SOC is equal to SOCggr. For the
SOC, it can be estimated by using (1)
as depicted in Figure 8 “Battery State-
of-Charge Observer.”

More importantly, in vehicle appli-
cations, battery monitoring is com-
pulsory to replace aged batteries. In
particular, the potential capacity Qga
is dependent on the DOD, discharge
rate, cell temperature, charging re-
gime, dwell time at low- and high-SOC,
battery maintenance procedures, cur-
rent ripple, and amount and frequency
of overcharge [49].

It is beyond the scope of this work
to observe the battery capacity. It is

is not

assumed that Qgy is constant. Addi-
tionally, in a real system of applications,
SOC, [initial value of the battery SOC,
(1)] can be retained in a storage device.

According to this SOC control
algorithm, the battery SOC controller
generates a battery charging current
igatch for the battery current-control
loop, and the charging current must
be limited at /gaemax-

To avoid high voltage at the dc
bus, in case of an erroneous SOC esti-
mation or high regenerative braking,
the dc-bus voltage (battery voltage)
must be monitored to limit charging
current. The battery current-limita-
tion function consists of limiting the
battery current reference
versus the dc-bus voltage as

[BatREF

iaReF (f) = iBarcn(£)

ol <1, VBusMax — vBus(())’
Avgys
3

where Vpyswax is the defined maxi-
mum dc-bus voltage, and Auvg,s is the
defined voltage band.

The battery currentccntrol !oop
receives ipyrer from an SOC regulation
loop. The battery current controller gen-
erates the FC current reference ipcger. It
must be limited in level, within an inter-
val maximum /pemax (corresponiding to a
rated current of the FC) and minimum
Irenin (set to 0 A) and limited in slope to

a maximum absolute value (in A - s~1),
which enables the safe operation of the
FC to respect constraints associated
with the FC.

One may summarize that the con-
trol principle of the whole system is
based on the battery SOC, whatever
the load power is.

@ If the SOC is lower than SOCggr,
the battery current
reference is negative value and

charging

an FC current is necessary to

charge the battery.
= If the SOC is higher than SOCgyy,

the battery charging current
reference is positive value or
equal to zero, and the FC current
reference is reduced to zero.

As a consequence, a transient in the
load modifies the FC current when the
battery SOC becomes lower than the
SOCrggr. In any case, if SOC is higher
than SOCggr, the FC current reference
is equal to zero. For transient condi-
tions, as FC current dynamics have
been intentionally reduced, the battery
supplies all load variations.

FC/Supercapacitor

Hybrid Power Source

To manage energy exchange in the
system, its basic principle lies in using
the supercapacitor, which is the fast-
est energy source of the system, for
‘supplying the energy required to
achieve the dc-bus voltage regulation,

FC
Sys!em

IFCREF
-

: Ve
St th?eCrga frc
ate-of-Charge
Controller . Battery Current Batct:eorr\]/tgﬁ;ent FC Current -
S0C . Limitation Function Slope Limitation e 8
REF BatMax  fgaich  [hos | /BatREF fecha 08
— > ot st - > =
: § Igamin l—? 1 ——] oM IrcREF = 3
Battery Va1 dC Bus
VBus Current Filter Bus
«— igatMea Faon - it ] )
Battery B
SOCt+—{ State-of-Charge
Observer SOC

FIGURE 8- Proposed energy management of the FC/battery hybrid power source [49].
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as if this device were a standard power
supply. Therefore, the FC, although
obviously the main energy source of
the system, is operated for supplying
energy to supercapacitors to keep
them charged [50], [51].

Consequently, the supercapacitor
converter is driven to realize a classi-
cal dc-bus voltage regulation, and the
FC converter is driven to maintain
the supercapacitor module at a given
SOC. The supercapacitor and FC cur-
rent-control loops are supplied by
two reference signals, isypercrer and
ircrer, generated by the dc-bus volt-
age-regulation loop and supercapaci-
tor voltage-regulation loop, as shown
in Figure 9.

For the dc-bus voltage-control loop,
it uses the dc bus capacitive energy
Epgys as state variable, and the superca-
pacitor delivered power psypercRer as
command variable, to obtain a natural
linear transfer function for the system.
If the losses in both the FC converter
and supercapacitor converter are
neglected, the dc link capacitive energy

power Psyperc, FC power prc, and load
power proaa by the following differen-
tial equation:

dEgys(t
——[:j:( ) == pSuperC(t) + pFC(t)

= PlLoad ([) (4)

The function F; presented in Fig-
ure 9 is a voltage-to-energy transfor-
mation, proportional for the total dc-
bus capacitance Cg,s to the square
function

1
EB\IS([) = é’ * CBus 4 U%us([)‘ (5)

It enables the generation of both dc-
bus energy reference Epusper and de-
bus energy measurement Epysmea,
through dc-bus voltage reference
Veuwrer and dc-bus voltage measure-
ment vpys, respectively. The dc-bus
energy controller generates a superca-
pacitor power reference psypercrer- This
signal is then divided by the measured
supercapacitor voltage UsypercMea and

voltage within an interval [ Vsupercmin,
VsupercMax]- The higher value of this
interval corresponds to the rated
voltage of the storage device. Gener-
ally, the lower value Vsypercmin 1
chosen as Vsypercmax/2, resulting in
the remaining energy in the superca-
pacitor bank of only 25%, which
supercapacitor discharge becomes
ineffective. This results in supercapa-
citor current reference isyperCREF-

The SuperC current-limitation func-
tion consists of limiting the reference
isupercrer 0 the interval [/sypercmin,
Isupercmax ] defined versus measured
supercapacitor voltage Usypercvea aS
follows:

)/ SuperCMin = ~I SuperCRated W

. VSuperC Max — USuperCMea )
-min{ 1,
AUsyperc

[SuperCMn.x = +lSuperCRated

. it (1 USuperCMea 0= VSuperCMin)
g AUSuper(f

Epys is given versus supercapacitor limited to maintain supercapacitor ©)
FC
System
Supercapacitor i e
Voltage Filter FCREF
Ve l :
SuperCMea | VsuperC
Vec
: frc
Supercapacitor FC Current
Voltage Controller Slope Limitation 5
1 ' . TN <
greMar D lrcREF o 22
= fecmin s S
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FIGURE 9-Proposed energy management of the FC/supercapacitor hybrid power source [25].
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where [SuperCRated and Ausyperc
are regulation parameters.

For the supercapacitor volt-
age-regulation loop, the super-
capacitor voltage controller
generates an FC current refer-
ence ircrer limited in level and
slope, with respect to con-
straints associated with the FC.
The ipcrer that drives the FC
converter through the FC cur-
rent loop is then kept within an
interval [lrcmin, frcratea]- The
higher value of this interval cor-
responds to the rated current
of the FC, and the lower value
should be zero. Slope limitation
to a maximum absolute value of

Load Power (p.u.)

Power (p.u.)

source, and load. The FC power

3.0F or current dynamics have been

intentionally reduced; the aux-

2.0} 56w g s 4 s B e iliary source supplies all load
variations.

1.0k Finally, Figures 10 and 11

present simulation results dur-

0.0 o L o R . ing a high-constant stepped

3SR S N R R Lt load power. They show the

\quiliary load, auxiliary, and FC powers

Z0F i 2 in each unit. In simulations, the

' FC minimum and maximum

1.0F powers are set at 0 p.u. (corre-

“FC sponding to the FC minimum

0.0 ol Nl current) and 1.0 ‘p.u. (corre-

0 1 2 3 4 5 sponding to the FC maximum

Time.(s) current), respectively. The

some amperes per second ena-
bles safe operation of the FC,
even during transient power demand.
Using this form of control princi-
ple, the state of the supercapacitor
module is naturally defined through
the dc-bus voltage regulation by the
load power level and by its SOC. The
following cases are encountered in
narrow steady-state conditions.

1) If load power is negative, the dc
link voltage regulation generates
a negative supercapacitor cur-
rent reference ispercRer-

2) If load power is greater than the
approximate FC-rated power, the
dc-bus voltage regulation gener-
ates a positive supercapacitor cur-
rent reference isyperCREF-

FIGURE 10— Simulation result: hybrid source response dur-
ing a high-positive load step (power in p.u.).

current dynamics have been inten-
tionally reduced, the supercapacitor
supplies load variations. In effect, the
dc-bus voltage regulation transforms
a sudden increase in load power into
a sudden increase of supercapacitor
current and, on the contrary, a sud-
den decrease in load power into a
sudden decrease of supercapacitor
current.

Conclusion of the Proposed
Energy Management Algorithms
The important point in hybrid system
presented here is to balance energy
among the FC main source, auxiliary

power dynamics of the FC is
set at 0.6 p.u.-s™'. As illus-
trated in Figure 10, initially, the
storage device is full of charge, and

‘the load power is (.2 p.u. As a result,

the power of the storage device is

zero, and the FC supplies 0.2 p.u. for

the constant load power. At t=1s, the

constant load power steps to 3.0 p.u.

The following are the observations:

@ the auxiliary source supplies most
of the transient power required

= the FC power increases to the
limited power 1.0 p.u. with a
slope of 0.6 pu.-s!

& synchronously, the auxiliary power,
after a sharp increase (discharg-
ing), decreases slowly to a con-
stant discharge of 2.0 p.u.

At steady state, the con-

3) Otherwise, the state of
the supercapacitor mod-
ule depends on its SOC:
for positive load power,
supercapacitor current
will therefore be positive
if UsuperC > USuperCREF, nega-
tive if UsuperC < USuperCREF;
for negative load power,
supercapacitor current
will be always negative,

Load Power (p.u.)

even if USuperC > VSuperCREF
Or UsyperCc < VSuperCREF-

In all cases, the FC state
depends only on supercapaci-
tor voltage: FC current will be
strictly positive and less than

Power (p.u.)

IrcRated if Usuperc < Vsupercrer; oth-

|
0.3
o
T

stant load power of 3.0 p.u. is

=
o
T

g
o
T

entirely supplied by the FC of
1.0 p.u and storage device of
2.0 p.u. (discharging state).

As a final simulation illus-
trated in Figure 11, initially,

the auxiliary energy source is
full of charge, and the load

power is (0.8 p.u. As a result,

the storage device power is
zero. and the FC supplies 0.8

p.u. for the constant load
power. At t = 1 s, the constant

load power steps to —1.0 p.u.
(imitated regenerative brak-

o
o
o

ing). The following are the
observations:
1) the auxiliary source ab-

erwise, it will be zero. In
transient conditions, as FC

FIGURE 11 —Simulation result: hybrid source response during
a high-negative load step (imitated regenerative braking).

32 1EEE INDUSTRIAL ELECTRONICS MAGAZINE B SEPTEMBER 2009

sorbs most of the transient
negative power
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2) the FC power reduces to
zero with a slope of
0.6 p.u.-s~!, because the
FC power source is a uni-
directional power flow

3) simultaneously, the auxil-
iary source, after a sharp
decrease (charging), in-
creases slowly to a con-
stant charge at —1.0 p.u.

Design Example for

Hybrid Power Source

We design a full FC hybrid vehi-

cle to present how to scale a power

source and storage device with

respect to applications. The vehicle

specifications are as follows:

m average vehicle power = 40 kW

@ storage device for the worse-case
cycle during vehicle acceleration
= 298 Wh

a dc-bus voltage for traction motors

=400 V.

Normally, we consider an FC size
of the average vehicle power of 40 kW.
In high-power applications, an inter-
leaved multiphase boost converter is
always selected as an FC converter
[17]. Because the dc-bus voltage is
equal to 400 V, the rated FC voltage is
approximately equal to 200 V to oper-
ate a boost converter at 50% duty
cycle for efficient switching utiliza-
tion. For an FC/battery hybrid source,
an FC 1s connected to the dc bus by a
unidirectional dc/dc converter, and a
battery bank is connected directly to
the dc bus (Figure 8). The battery con-
sidered here is based on Al23 sys-
tems’ new high-power lithium ion
ANR26650MI cell (2.3 Ah and 3.3 V).
Each cell has a mass of 70 g. After add-
ing 53 g for cell balancing and packag-
ing, the total mass is 0.123 kg/cell. The
published cost for six cells is USS$115
(including cell balancing and packag-
ing). The upper current limit is
70 A. Because the dc-bus volt-
age is 400 V, 23 packs are used
in a series so that the maximum
battery voltage Viamax is 455 V.
One defines 20% DOD from the
battery. Then, to store the usa-
ble energy of 298 Wh, the two
strings are needed to be con-
nected in parallel. In this case,

FIGURE 12 —Hybrid source test bench.

\ L ’ L
| WRSEN
823 Cells in Series,i™ o

FIGURE 13 - PEMFC stack: 500 W, 40 A, and 13 V.

Traction M
as a dc Bus
JLoad

Analog Supercapacito
__Current Controller

Interfacing Card

the required battery bank is as

follows:

® pack in series: 23 packs

® string in parallel: two strings

® maximum battery voltage Vgamax:
455 V

@ nominal battery voltage Vganom:
400V

® maximum energy content: 1,840
Wh =400 V x 2.3 Ah x 2

a DOD: 20%

@ usable energy: 368 Wh = 20% of
maximum energy content

® peak power: 56 kW = 70 Ax2x
400 V

m weight: 34 kg = 0.123 kgx6x
23%2

a cost: US$5,290 = US$115 x 23 x 2.
For an FC/supercapacitor hybrid

source, an FC is connected to the dc

bus by a unidirectional dc¢/dc con-

verter, and a supercapacitor bank

is connected to the dc bus by a bidir-

ectional dc/dc converter (Figure 9).

The supercapacitor presented here

is based on Maxwell Supercapacitor’s

BMODO0058 15-V pack, which contains

six BCAP0350 cells (2.5 V, 350 F, and

95 A) in a series. The pack includes

cell balancing and sturdy packaging.

Because the dc-bus voltage is 400 V,

the maximum supercapacitor pack

voltage should be around 200 V (50% of

the dc-bus voltage), to operate
a two-quadrant converter at a
duty cycle of 50% (efficient
switching utilization). Accord-
ingly, 14 packs are used in a
series so that the maximum
supercapacitor voltage Vs,percvix
is 210 V. As aresult, the nom-
inal supercapacitor voltage
VsupercNom is 200 V, and the mini-
mum supercapacitor voltage
Vsupercmin is 100 V. To store the
usable energy of 298 Wh, the 18
strings are needed to be con-
nected in parallel. Based on correspon-
dence with a Maxwell representative, a
cost of US$85 per 15-V pack is used for
high-volume production. The mass of
each pack is 680 g (including cell bal-
ancing and packaging). In this case, the
required supercapacitor bank is as
follows:
= pack in series: 14 packs
m string in parallel: 18 strings
= total capacitance, C: 75 F = ((350
F/6)/14) > 18
@ maximum supercapacitor voltage
V.Super(fl\‘ku: 210v
@ nominal supercapacitor voltage
VSuper(?Num: 200V
# minimuwn supercapacitor voltage
VSuperMin: 100 V
= usable energy: 313 Wh = (0.5-C-
vSuperCNom‘ ~ 85 - L - VSuperCMin:)/
3,600
m maximum energy content: 459
Wh = (0.5 C - V5, peremaxt)/3,600
m peak power: 342 kW = 95 Ax
18 x 200 V
a weight: 171 kg = 0.68 kg x 14 x 18
s cost: US$21,420 = US$85 x 14 x 18.
From the aforementioned estima-
tions, it is very clear that an FC/super-
capacitor vehicle must have at least 18
strings of supercapacitors in parallel
to provide the amount of extra energy
(298 Wh) required for acceleration.
This large number of superca-

It il
|

pacitors increases the cost and
mass of the vehicle.

Experimental Validation

Test-Bench Description

A small-scale test bench of the
hybrid systems in our laboratory
is presented in Figure 12. As
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illustrated in Figure 13, the PEMFC sys-
tem (500 W, 40 A, and 13 V) was
achieved by ZSW, Germany. It is com-
posed of 23 cells of 100 cm? in a series.
It is supplied using pure hydrogen from
bottles under pressure and with clean

FIGURE 14 —Lead-acid battery module: 33 Ah and 48 V.

and dry air from a compressor. The bat-
tery module (Figure 14) is obtained by
means of four aged lead-acid batteries
[7.78 Ah (33 Ah at name plate) and 12
V] connected in a series. The superca-
pacitor module (Figure 15) is obtained
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FIGURE 16— FC/battery hybrid source response during a motor-drive cycle.
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by means of 12 SAFT supercapacitors
SC3,500 (3,500 F, 2.5V, 500 A, and a low-
frequency ESR of 0.8 m€) connected in
aseries.

The load at dc bus is only a dc-trac-
tion motor drive (10 kW) coupled with
a smallinertia flywheel. For the super-
capacitor and FC current-control
loops, they have been realized by ana-
log circuits to function at high band-
width. The proposed energy-control
algorithms have been implemented in
the realtime card dSPACE DS1104,
through the mathematical environ-
ment of MATLAB-Simulink, with a
sampling frequency of 25 kHz. The
ControlDesk software enables changes
in the parameters of the control loops.

The controlled parameters of the
PEMFC are set as follows:

1) lpemax= 40A (rated FC current
Iicrated, corresponding to the
rated FC power)

2) Ieemin= 0A (minimum FC cur-
rent, corresponding to the mini-
mum FC power)

3) the FC current absolute slope
limitation is set to 4A-s™! (cor-
responding to the FC power slope
of around 50W -s 1). This value
has been experimentally deter-
mined as the highest current
slope of our FC system, where no
fuel starvation occurs [25].

Performance of FC/Battery
Hybrid Power Source

The controlled parameters of this
system are set as follows:

@ SOCggr = 100% (equal to 7.78 Ah)
L IBatMin = —-50A

® fgamax = +6A

= VBusMax =61V

8 Avgys =2V
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Figure 16 presents waveforms
obtained during the motor-drive
cycle. It shows the dc-bus voltage
(battery voltage), FC voltage, load
power, battery power, FC power,
motor speed, battery current, FC cur-
rent, and battery SOC.

The initial state is zero for both
the FC and battery powers and 100%
for the battery SOC. At t = 4 s, the
motor starts to the final speed of
1,500 r/min, such that the final FC cur-
rent is /rcratea- The following can be
observed:

m the battery supplies most of the
power of 1,600 W required during
motor acceleration

@ the FC power increases with a
limited slope up to a level of the
rated power 500 W

®# concurrently, the battery power,
after a sharp increase during
motor acceleration, decreases
slowly to a constant discharging
power of 400 W

® the steady-state load power at
the constant speed of 1,500 r/min
is about 800 W, entirely supplied
by the FC and battery.

After that, at t = 54 s, the motor
reduces speed to stop. It can be
scrutinized that there are three
phases. First, the battery recovers
the power supplied to the dc link by
the FC and motor (known as a regen-
erative braking energy). Second, the
battery recovers the reduced power
supplied to the dc bus only by the
FC. Third, the battery is charged at a
constant current of —6 A by the FC.
During the first and second phases,
the FC power reduces from a rated
power of 500 W with a constant slope
of 50 W-s~1. In the third phase, the
FC power is nearly constant at
around 300 W to charge the battery.
After that, both the FC and battery
power will reduce to zero when the
SOC will reach SOCggr. So, this
characteristic can be comparable
with the simulation results in Fig-
ures 10 and 11.

It must be noted here that the
drive cycle in Figure 3 is not identical
with that in Figure 16, because, in the
test bench, the FC and storage devi-
ces are small-scale sizes. So, during

motor acceleration, there is no motor
power limitation in Figure 16. In addi-
tion, during motor braking, the small
regenerative braking energy is
absorbed by the storage device, but
in Figure 3 (real vehicle), the high
regenerative braking energy is ab-
sorbed by the storage device; however,
extra energy needs to be dissipated by
a resistive braking during t = 48-51 s
in Figure 3.

Performance of FC/

Supercapacitor

Hybrid Power Source

The controlled parameters of this

system are set as follows:

# Vpysker = 42 V (@ new standard dc-
bus voltage in an automotive

electrical syste
Net [11])
VSuperCREF =25V

VsupercMax = 30V
VSuperCMin =15V
[SuperCRa!ed =200A
Avs‘,pe,c =5 V.
Figure 17 presents waveforms ob-
tained during the motor-drive cycle.
It shows the dc-bus voltage, FC
voltage, load power, supercapacitor
power, FC power, motor speed,
supercapacitor current, FC current,
and supercapacitor voltage (or super-
capacitor SOC). »

The initial state is no-load power,
and the storage device full of charge,
Vsuperc = 25 V; as a result, zero for
both the FC and supercapacitor
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powers. At t = 10 s, the motor speed
accelerates to the final speed of 1,000
r/min; synchronously, the final FC
power increases with a limited slope
of 50 W-s~! to a rated power of 500
W. Therefore, the supercapacitor,
which supplies most of the power
required during motor acceleration,
remains in a discharge state after the
motor start, because the steady-state
load power (approximately 600 W) is
greater than the FC-rated power (500
W), and the peak load power is about
1,000 W, which is about two times
that of the FC-rated power.

After that, at t = 40 s, the motor
speed decelerates to stop with a peak
load power of about —500 W. The
supercapacitor is deeply charged,
demonstrating the three phases. First,
the supercapacitor recovers the en-
ergy supplied to the dc bus by the
FC (500 W) and the traction motor.
Second, the supercapacitor is charged
only by the FC. Third, the supercapa-
citor is nearly full of charge, then
reducing the charging current. After
that, both the FC and supercapacitor
powers reduce to zero when Vsuperc
reaches Vsypercrer Of 25 V. Excellently,
only small perturbations on the dc-
bus voltage waveform can be seen,
which is of major importance in using
supercapacitors to improve the dy-
namic performance of the whole sys-
tem. These characteristics can be
again comparable with the simulation
results in Figures 10 and 11.

Conclusions
An FC vehicle can benefit from being
hybridized with an energy storage
device (battery or supercapacitor).
The advantages could include im-
proved vehicle performance and fuel
economy and lower system cost. The
degree of hybridization benefits from
FC efficiency characteristics, FC down-
sizing, displacing FC tasks with the
secondary source functionality, or
energy recovery through regenerative
braking. The role of batteries and
supercapacitors in FC hybrid vehicles
is studied to understand their poten-
tial impact on dynamic performances.
Energy storage devices can
advance the load, following the

characteristics of a main source by
providing a stronger power response
to changes in system loading. During
motor starts/stops or other consider-
able steps in load, the energy storage
devices provide the balance of energy
needed during the temporary load-
transition periods and also absorb
excess energy from the generator
source (motor braking). Adding en-
ergy storage to distributed power sys-
tems improves power quality and
efficiency and reduces capital ex-
penses by allowing the systems to be
sized more closely to the steady-state
power requirements, rather than over
sizing the main generator to meet
transient loading requirements.

Experimental results with a small-
scale hybrid test bench in the labora-
tory have evidently shown the possi-
bility of improving the performance
of the whole system and validated
the proposed control algorithms: FC/
battery hybrid source and FC/super-
capacitor hybrid source.

In general, an FC/supercapacitor
hybrid has better performance, be-
Ccause a supercapacitor can more
effectively assist an FC to meet tran-
sient power demand (supercapacitors
can be charged or discharged at high
current, where a battery cannot func-
tion), and high-current charges and
discharges from batteries will also
have a reduced lifetime. ‘

Nevertheless, an FC hybrid vehi-
cle with supercapacitors as the only
energy storage will have deficiency
or even malfunction during the vehi-
cle start up, because the start up time
of a PEMFC is around 5-10 min, where
the battery has higher specific ener-
gy than supercapacitor.

Subsequently, a more practical solu-
tion will be an FC/battery/supercapaci-
tor hybrid power source. So, the future
studies may be a hybrid source of FC/
battery/supercapacitor combination. A
main advantage of the FC/battery/
supercapacitor vehicle is the increase
in the battery lifetime due to reduction
of high-current charges and discharges.
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1. Introduction

Fuel cell (FC) technology is nowadays considered as a promising
alternative for growing energy request and cleaner environment.
The power and energy efficiency of FC is highly dependent on
the thermodynamics, electrode kinetics, reactant mass transfer,
as well as materials and components for assembling the FC stack.
These factors have been addressed throughout the FC history,
and are now still the major challenges for FC research and develop-
ment [1].

There are several types of FCs, which are characterized by the
electrolyte used. One of the most promising is the small, light-
weight and relatively easy to build polymer electrolyte membrane
FC (PEMFC) [2]. To make the FC stack be operable, one has to sup-
ply fuel, air and water to the stack; and remove the water product
from the stack; as well as optimize the temperature and humidity.
Therefore, many complex components have to be integrated to-
getherin a FC system including air blower, fuel pump, sensors, heat

* Corresponding author. Tel.: +66 02 913 2500x3332.
E-mail addresses: PhatiphaLThoun(hong@enseminpl-nanl:y‘fr, phtt@kmutn-
b.ac.th (P. Thounthong).

0196-8904/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.enconman.2009.11.018

exchanger, fuel reservoir, fuel mixer, startup batteries and elec-
tronic controller [3].

Thounthong et al. [4] experimented with a 500-W PEMFC Sys-
tem and Ahmed et al. [5] experimented with a 1200-W Nexa™
PEMFC system have demonstrated that the electrical response time
of a FC is generally fast, being mainly associated with the speed at
which the chemical reaction is capable of restoring the charge that
has been drained by the load. On the other hand, because a FC Sys-
tem is composed of many mechanical devices, the whole FC system
has slow transient response and slow output power ramping.

For clarity, Figs. 1 and 2 illustrate a PEMFC system (0.5-kW, 40-
A) voltage response to a current demand. The tests operate in two
different ways: current step (Fig. 1) and current slope (Fig. 2). One
can scrutinize the voltage drop in Fig. 1, compared to Fig. 2, be-
cause fuel flows (particularly the delay of air flow) have difficulties
following the current step. This characteristic is called “fuel starva-
tion phenomenon” [4]. This condition of operation is evidently
dangerous for the FC stack, as already demonstrated by Taniguchi
et al. [6].

Thus, to utilize the FC in dynamic applications, a control system
must limit its current slope as depicted in Fig. 3, refer to a block
diagram “FC Current Slope Limitation”, as detailed by Thounthong
et al. [7]. As a result, the electrical system supplied by a FC must
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have at least an auxiliary power source (battery [8] or supercapac-
itor [9]) to improve the system performances when electrical loads
demand high energy in a short time (for example, vehicle acceler-
ation and deceleration). It means that a FC power source is always
operating with at least a supplementary source, called a hybrid
source system as illustrated in Fig. 3.

FC produces low dc voltage, so that it is most often connected to
electric power networks through a step-up (boost) converter
(Fig. 3). The major problems of using a single dc/dc converter con-
nected with FC in high power applications (for example: 50-
100 kW in FC vehicle) are as follows:

(1) difficulty of the design of magnetic component: ferrite core
(a core used to build an inductor or an electric transformer:
there are two kinds of core applications following the size
and frequencies: for signal inductor or transformer and for
power inductor or transformer) and Litz-wire size (Litz-wire
is a type of cable used in power electronic applications. The
wire is designed to reduce the skin effect and proximity
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Slope Limitation”) must be added to circumvent the fuel starvation problem.

effect losses in conductors. It consists of many thin wires,
individually coated with an insulating film and twisted or
woven together, following one of several carefully pre-
scribed patterns often involving several levels );

(2) high FC ripple current, in which may lead to reduce its stack
lifetime.

Therefore, by paralleling converters with interleaving tech-
nique, these problems can be avoided.

This paper presents the concept of parallel step-up converter
with interleaving technique for a FC power source. It will provide
a significant contribution to the field of the fuel cell power condi-
tioning, particularly in fuel cell high power applications. The
advantages of the proposed topology are as follows:

(1) Size and volume of passive devices (inductor and capacitor)
are reduced.

(2) Ripple of the input and output waveforms are reduced.

(3) Ripple frequency of the input and output waveforms are
increased.

(4) Power converter is modular. It enhances reliability of the
system, and increases converter power rating by paralleling
phases, not by paralleling multiple devices.

(5) Thermal management is simple. The primary driver in all
paralleling schemes for lower power applications is the
decentralized heat dissipation of the parallel power
converters.

(6) Current ratings of power electronic components are reduced,
because current ratings are proportional to the continuous
power rating of the circuit.

Section 2 in the paper describes the multi-modules of power
circuit connection, the proposed FC current control loop, and the
dynamic system equations. The 1.2-kW FC converters of 2-phase
and 4-phase parallel converters are built and tested with a Nexa™
PEM fuel cell system (1.2-kW, 46-A by Ballard Power Systems Inc.)
in laboratory. To operate at a high bandwidth and a high switching
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by means of analog circuits. Experimental results in Section 3 will
illustrate the system performances.

2. Multiphase interleaved boost converter for fuel cell power
source

2.1. Power circuit

In fuel cell higher power applications and higher dc voltage dis-
tribution, a step-up converter (or boost converter) is a necessity.
Passive solutions were developed first, which required massive
inductors and capacitors. The fuel cell boost converter sizes of
0.5kW [8]; 1kW [10]; 5kW [11}; 27 kW [12]; and 50 kW [13]
have been studied. However, a classical boost converter will be
limited when the power increases or for higher step-up ratios. To
reduce the volume of these huge solutions active switching with
interleaving technique using a boost topology was developed.
The active solutions had higher power densities than the passive
solutions. Interleaving regulator is the next step in increasing reg-
ulator power densities, reducing the overall volume of the design.
Interleaving will reduce magnetic volume and has the added ben-
efit of reducing RMS current in the boost capacitor [14].

The active method of interleaving is nowadays well known [15].
In the interleaving method, the modules operate at the same
switching frequency. Their switching waveforms are displaced in
phase over a switching period with respect to one another by 27/
N radians, N being the number of converters in parallel [16,17]. It
is important to note here that, according to [4] a high FC current
ripple plays an important role in its catalyst lifetime.. Especially,
sharp current rise/fall and large magnitude of current ripple should
be avoided. Here, the proposed multiphase parallel boost converter
for high power FC applications is depicted in Fig. 4.

2.2. Current control loops of the parallel converter

The proposed current control loops of the N-phase interleaved
converter are depicted in Fig. 5. When a FC operates, its fuel
(hydrogen and oxygen) flows are controlled by a “fuel cell control-
ler”. The fuel flows must be adjusted to match the reactant delivery
rate to the usage rate by the “FC controller”. For this reason, the in-
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Fig. 4. Multiphase interleaved boost converter for FC power source.

ner FC current control loop is mandatory. So, the control algorithm
(dc bus energy [7] or voltage control loop) demands energy from
FC to dc link by generating ircrer. One can take advantage of the
safety and high dynamic characteristics of this loop as well; thus,
it may be realized by analog circuits to function at high bandwidth.

To obtain the transfer function of the FC current control loop,
the linearized differential equations {which are developed from
the switched state-space model through the state-space averaged
model of a boost converter) are defined as follows [18,19]:

dy it

Li—— = Ugc(l) ~ RL‘;L\”) = (1 = Dy)Vgysil) + Vﬂusd1“)

LY = Bre(r) = Ryl (t) — (1 = Do) vaus(t) + Viusda(t)

LY = 5 (t) = Ryl () = (1 = Do) Fus(t) + Vsl (0)

Cous 2280 = (1 - Dy)iy, (t) — 1,0y (8) + (1 = Da)igy (t) - I, da(2)
~(1 = D )ity (£) = Iy A (t) = Troaa(t)

(1)

where the subscript numbers (1, 2, ..., N) represent parameters of
each converter module, and D is the nominal duty cycle of the
PWM converter; d, the duty cycle variation: Vg, the nominal dc
bus voltage; ¥, the dc bus voltage variation; I, the nominal induc-
tor current; i,, the inductor current variation: iioe. the load current
variation and R; is the series resistance of inductor L.

Note that series resistance of Cg, is ignored.

As portrayed in Fig. S, for current measurements of each induc-
tor current, a first order filter Hiy(s) is used to reduce harmonics
due to high switching frequency. A classical proportional-integral
(PI) controller Ciy(s) associated to a pulse width modulation
(PWM) generator Gpy(s) is selected for inductor current control. If
we consider that the parameters in each converter are ideally the
same values, the inductor current control loops can be modeled
from (1), taking into account Vjp, the amplitude of the PWM saw
tooth carrier signals, by the following closed-loop transfer
function: :

iL(s) Ci(s)Gp(s)Gia(s)

= = 2
Ter(s) TF GG 5 Cals)FRG) o
with
eeaitlas = 1)
Ci(s) = . - (3)
1
Ge(s) = Y, (4
Ky
Hi(s) = W (5)
i(s Kig(Tos +1
Gals) = 1) - KuTs t 1) _ ®)
d (5) +Es+1
and
Kia = %5 0, = /02
| (1-D) = L-Chus
{ Vil T R Cong 0 L
Tz = {0 (=0t ?

The gain K; and the integral time constant Tg; of the PI controller
are set to obtain the desired phase margin. For the equations
above, we consider that the FC power source is an ideal source
(no FC complex impedances [20,21] taken into account).
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Fig. 5. Proposed FC current control loop of N-phase interleaved converter.

3. Experimental validation tion of implemented power converters are detailed in Tables 1-4.
The 2- and 4-phase power converters tested hereafter are illus-
3.1. Test bench description trated in Figs. 8 and 9, respectively. Some guidelines of a boost

power converter design can be seen in [8).
The PEMFC test bench is presented in Figs. 6 and 7. The Nexa™
PEMFC system (1.2-kW, 46 A, around 26 V) was developed and 3.2. Control description
commercialized by the Ballard Power Systems Inc. It is supplied
using hydrogen from bottles under pressure, and with clean and Measurement of each inductor current i;, is performed by
dry air from a compressor. The design requirements and specifica- means of a zero-flux Hall effect current sensor. Table 4 summarizes
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Table 1

Fuel cell converter design requirement.
Parameter Value
Fuel cell rated power, Prcrated 1.2 kW
Fuel cell rated current, Ircgated 46 A
DC bus voltage, Vs 60V
Full load efficiency, n 90%
Switching frequency, f; 25 kHz

Table 2
2-Phase parallel power converter specification.
Device Specification
Power MOSFETSs: S, 2 x IRFP264N (250 V, 38 A, 75 mQ)
and S;
Diodes: D, and D, 1 x RURG3020 (200 V, 30 A)
Input inductors: L, 2 x Double ferrite core E55 (216 pH, 33 turns,
and L, 1.1 mm of air-gap)
Output capacitor: 2 x 3900 pF + 2 x 680 pF electrolytic (connected in
Chus parallel)
Table 3

4-Phase parallel power converter specification.

Device Specification
Power MOSFETSs: 5,55, 53 4 x IRFP264N (250V, 38 A, 75 mQ)
and S4

Diodes: Dy, D;, D3 and D,

Input inductors: Ly, L, L3
and Ly

Output capacitor: Cays

2 x RURG3020 (200 V, 30 A)

4 x Double ferrite core E55 (396 pH, 43 turns,

1 mm of air-gap)

2 x 3900 uF + 4 x 470 pF electrolytic (connected
in parallel)

Table 4
Inductor current control loop parameters.
Parameter 2-Phase converter 4-Phase converter
Vbusrated 60V 60V
IRated 23A 115A
D 0.55 0.55
Ki 0.1 1.05
Tai 0.44 ms 0.61 ms
Ky 034VA"! 1.2VA"!
Ty 60 ps 15 pus

Fig. 8. 2-Phase step-up power converter in parallel.

Fig. 9. 4-Phase step-up power converter in parallel.

the inductor current control loop parameters, which have been cal-
culated in order to obtain a phase margin of about 55°. Some
guidelines of the controller design in frequency domain can be
seen in [8,22]. Each current regulator (proportional-integral con-
troller) is set to virtually same values. The inductor current refer-
ence igrer is generated by the real time card dSPACE DS1104,
through the mathematical environment of Matlab-Simulink and
the ControlDesk software.

3.3. Experimental results

The experimental tests have been carried out by connecting the
dc link to an adjustable resistor and an active load composed of a
current reversible chopper, loaded by a dc servo motor coupled
with a powder brake and a small flywheel. Then, the load at dc
bus can be varied to the desired operating point by adjusting the
load resistor and the powder motor brake.

3.3.1. Fuel cell converters testing with an ideal power supply

Initial testing was operated by using an ideal 26-V power sup-
ply, which has the same rated voltage as the considered FC system,
in order to confirm that the converters can operate correctly, and
also to observe the dynamic performances of the inductor current
control loops.

The oscilloscope waveforms in Figs. 10-12 depict the large-sig-
nal responses of the converters to an input current set-point step.
Figs. 10 and 11 present the input current demand, the input cur-
rent response, and the first and second inductor current responses
of the 2-phase parallel converters. As for Fig. 12, it illustrates the
input current demand, the input current response, and the first
and third inductor current responses of the 4-phase parallel con-
verters. One can observe that current responses of both converters
have high dynamics with optimum response by the current com-
pensator (PI controller). Absolutely, the input current is the sum
of the inductor currents.

3.3.2. Fuel cell converters testing with a Nexa™ PEMFC

The oscilloscope waveforms in Figs. 13-16 portray the steady-
state characteristics of the interleaved converters at different FC
current demands, the load at dc bus being adjusted in order to ob-
tain a constant dc bus voltage of 60 V (rated dc bus voltage or oper-
ating point of the specification). Figs. 13 and 14 illustrate the FC
current, and the first and second inductor currents of the 2-phase
parallel converter at the average FC current reference of 4 A and
46 A (rated current), respectively. Fig. 15 presents the FC current,
and the first, second and third inductor currents of the 4-phase
parallel converters at the average FC current reference of 4 A.
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And for the last test, Fig. 16 shows the FC current, and the second,
third and fourth inductor currents of the 4-phase parallel convert-
ers at the average FC current reference of 30 A.

One can observe again that the FC current is the sum of the
inductor currents, and that the FC ripple current is 1/N the individ-
ual inductor ripple currents. Absolutely, the FC ripple current of the
4-cell interleaved converter is lower than the 2-cell interleaved
converter. So, the FC ripple current of the 4-cell interleaved con-
verter is nearly zero. It means that the FC mean current is close
to the FC rms current. In addition, it can be seen the FC ripple fre-
quency is N-times the switching frequency of 25-kHz.

4. Conclusions

The main objective of this paper is to present the parallel con-
verter modules with interleaving technique for a FC power source
for high power applications. By this technique, ferrite core and
Litz-wire size of inductors are simple to design and fabricate;
and FC ripple current is reduced. The fact that it has fewer output
capacitors is mostly due to lower output-ripple current, which re-
sults in lower cost and lower power dissipation. This circuit also
significantly reduces the energy-storage requirement of the com-
bined input inductors, thus reducing the magnetic volumes,
heights, and dissipations. The multiphase approach reduced the
overall power dissipation and spread that dissipation over a larger
board area, allowing better thermal management. The main draw-
back of the multiphase approach is added circuit complexity,
requiring measurement and balancing of each phase current as
the larger number of control components illustrates.

The two non-isolated boost converters of 2-phase and 4-phase
in parallel have been designed and implemented as a FC converter
of 1.2-kW. So, the inductor average current control loops realized
by analog circuits of paralleled converters are inevitable to share
the same currents, and to control the FC current slope. Then, FC
system is free of fuel starvation phenomenon, mechanical stresses
in a FC system (fuel pressure, water pressure in tubes and stack)
are reduced, and lifetime is improved.

Experimental results of implemented parallel converters con-
nected with a Nexa™ PEMFC system (1.2-kW, 46-A) authenticate
the excellent performances: static and dynamic states of the design
system. Future works are to use the implemented parallel convert-
ers with interleaving algorithm to function in hybrid sources: FC/

Supercapacitor or FC/Li-lon Battery or FC/Supercapacitor/Li-lon
Battery for a high power dc distributed generation system.
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Modeling and Control of Fuel Cell/Supercapacit
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Hybrid Source Based on Differential Flatness Control

Phatiphat Thounthong. Member. IEEE, Serge Pierfederici, Jean-Philippe Martin.
Melika Hinaje, and Bernard Davat, Member, IEEE

Abstract—Fuel-cell vehicles (FCVs) with energy storage (ES)
device(s) could result in improved lifetime, performance, fuel
economy, and reduced cost. This paper presents the utilization of
an ES device consisting of a supercapacitor bank for future electric
vehicles with a hydrogen fuel cell (FC) as the main power source.
The study mainly focuses on the innovative control law based
on the flatness properties for a FC/supercapacitor hybrid power
source. Utilizing the flatness principle, we propose simple solutions
to the hybrid energy-management and stabilization problems. A
supercapacitor module, as a high dynamic and high-power density
device, functions to supply energy to regulate the dc-bus energy.
The FC, as a slower dynamic source in this system, functions
by supplying energy to keep the supercapacitor module charged.
To ensure energy-efficient operation of the FC stack, the output
current ripple of the FC stack is minimized by parallel boost
converters with an interleaving switching technique for a high-
frequency ripple by the supercapacitor for a low-frequency ripple.
To authenticate the proposed control laws, a test bench is realized
in the laboratory. The control algorithm (energy and current
control loops) is digitally implemented by dSPACE controller
DS1103. Experimental results with small-scale devices (a proton
exchange membrane FC (PEMFC) of 500 W, 50 A, and 10 V and
a supercapacitor bank of 250 F, 32 V, and 500 A) substantiate the
excellent performance during load cycles.

Index Terms—Converters, current control, electric vehicles, fuel
cells (FCs), nonlinear, supercapacitor.

I. INTRODUCTION

T THE MOMENT, hydrogen fuel-cell (FC) vehicle tech-
nology is receiving extensive consideration as a strategy
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to decrease oil consumption and reduce destructive emissions.
There are many different types of FCs. with the principal
differences between them being the type of electrolyte and/or
the type of fuel that they use. One of the most promising FCs
to be employed in vehicle applications is the proton exchange
membrane FC (PEMFC) because of its relatively small size,
lightweight nature, and ease of construction. Nevertheless, the
cost, transient response, and cold performance of PEMFC
systems may present significant challenges to the extensive
adoption of the technology for transportation in the near future
(1), 12). 4

According to recent works on the FC characteristics [3],
[4], they point out the specific properties of FCs that their
output power response is delayed because of processing time
through subsidiary equipment, i.e., their slow internal elec-
trochemical and thermodynamic characteristics. Therefore, to
supply electric power to fluctuating loads by the hybrid sys-
tem of the FC, an electric energy-storage (ES) system is
needed to compensate the gap between the output from the FC
and the load, in addition to the collaborative load balancing
(51, [6].

Previous research has shown that FC hybridization with a
battery [7], [8], with a supercapacitor (ultracapacitor) [9], and
with a battery/supercapacitor [10]-[12], provides cost. perfor-
mance, and operational improvements, as well as fuel economy
benefits that are attractive and should be considered. Among the
present preproduction hybrid FC vehicles, the Toyota FCHV
has a nickel-metal hydride ES system similar to that of the
Toyota Prius. and the Honda FCX-V4 uses a supercapaci-
tor bank that provides regenerative braking and power-assist
capability.

Control, robustness, stability, ctficicncy. and optimization of
hybrid sources remain an essential area of rescarch. Several
researchers have studied the different topologies. Schaltz er al.
[13] studied two energy-management strategies of a FC/battery/
supercapacitor hybrid power source for vehicle applications.
Feroldi et al. [14] studied the control based on efficiency map
of an FC/supercapacitor hybrid power source for vehicle appli-
cations. Muyeen ef al. [15] studied the control based on fuzzy
logic of a wind turbine/supercapacitor hybrid power source.
Uzunoglu and Alam [16] studied the control based on the
wavelet-based load sharing algorithm of an FC/supercapacitor
hybrid power source. Thounthong et al. studied a regulated dc-
bus voltage FC/supercapacitor hybrid source (based on a basic
linear controller by sctting controller parameters depending
on the defined operating point) [17], a regulated dc-bus volt-
age FC/battery/supercapacitor hybrid source (based on a basic

0018-9545/$26.00 © 2010 IEEE
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Fig. 1. Topology of a multiconverter-based hybrid power-management system, where pp a4 (= vg. X 1Load )» VBus, and #1,,a4 are the load power, the dc-bus
voltage, and the dc-bus load current, respecuively. prc (= vpe X ipc). vpe, and ipc are the FC power. voltage, and current, respectively. psc (= vse X i5¢),
vgC, and igc are the supercapacitor power. voltage. and current, respectively. ppc, and psc, are the output powers to the de link from the converters of FC and

supercapacitor, respectively.

linear controller by setting controller parameters depending on
the defined operating point) [11], and an unregulated dc-bus
voltage FC/battery hvbrid source (based on the battery state of
charge) [18].

This paper presents the original control method based on
the flatness properties for the FC hybrid power source. It
will provide a significant contribution to the field of the mul-
tisource system, particularly in nonlinear power electronics
applications. In Section II, the FC and supercapacitor con-
verter structure of multiphase power converters is presented
in detail, including their current control loops. as well as a
hybrid reduced-order model. The proposed control laws based
on the differential flatness properties will be explained in detail
in Section III. In Section IV. experimental results will show
the system performance during load cycles. The summary and
conclusions are presented in Section V.

II. HYBRID POWER SOURCE
A. Power Converter Structure

An FC generator and a storage device need to be inter-
faced through power electronic converters [19], [20]. Difter-
ent power electronic circuits have been proposed in recent
work to interface the different energy sources with the dis-
tributed system [21], [22]. Normally, an FC system needs
a boost dc/dc converter (step-up converter) to adapt the FC
output voltage to the desired dc utility voltage level and
smooth the FC supply current [21]. In addition, a storage de-

vice needs a bidirectional dc/de converter (two-quadrant con-
verter) [23].

Nevertheless. a single converter will be limited when the
power increases or for higher step-up ratios. That way, the use
of paralleling power converters with the interleaved technique
may offer better performance [21]. One proposes a power-
electronics topology for the hybrid power-management system,
as shown in Fig. I, in which multiphase dc/de converters are
connected at the output of the stack and the storage device,
which are then connected in paraliel to share the load at the
dc bus. The number of parallel converter modules V' (with
interleaving switching technique [21]) would depend upon the
rated power of the stack and the supercapacitor module. Here,
N is equal to 2 for the FC and supercapacitor converters (called
two-phase converters).

For safety and high dynamics, the FC and supercapacitor
converters are mostly controlled by inner current regulation
loops, classically [2], [24]. The current controls of these con-
verters, as illustrated in Fig. 2, are similar to a basic current
control of parallel converters. Here, sliding-mode current con-
trol is implemented for cach converter module. The dynamics
of the current regulation loops are also supposed to be much
faster than those of the outer control loops. These current
control loops are supplied by two reference signals: 1) the
supercapacitor current reference iscrir and 2) the FC cur-
rent reference ipcrpr. generated by the energy-management
algorithm presented hereafter. Thus, the currents igc and ipc
are considered to follow their references igcrpr and ipcrpR
completely [25].

Authorized licensed use limited to: King Monkuts Institute of Technology. Downloaded on July 13,2010 at 03:57:33 UTC from IEEE Xplore. Restrictions apply.
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Fig. 2. Current control loops of the proposed FC/supercapacitor converters.

B. Modeling of the Hybrid Power Source

One supposes that the FC and supercapacitor currents follow
their set-point values perfectly. Thus

PFC _ PFCREF

1FC = {FCREF = (1)
VrC VrC

. . PSC _ PSCREF

13¢ =1iSCREF = — = —————. (2)
Usc vsc

Now, the FC generator and the supercapacitor storage device
function as controlled current sources. We consider here that
there are only static losses in these converters (called reduced-
order model), and rrc and rge represent the static losses
in the FC and supercapacitor converters (refer to Fig. 1),
respectively.

The dc-bus capacitive energy p,s and the supercapacitive
energy ysc can be written as

1

YBus = BCBusU[Q;”s (3)
1 ;

Ysc = 35'5(‘l‘§c~ )

The total electrostatic energy y; stored in the dc-bus capaci-
tor Cp,;s and in the supercapacitor C's¢ can also be written as

1 5 1 g =
Yp = _‘2'("[5115'“&\,5 + ECSC'U:;,%C- )

The dc-bus capacitive energy yp,s 1S given versus ppco,
PSCos and proaq by the following differential equation:

YBus = PFCo + PSCo — PLoad 6)

Fucl Celi Supercapacitor
fU\Af’“‘V\
! | >
i /

Frequency [Hz]  fi<fs

Fig. 3. Dynamic classification of the embedded sources in frequency space.

where

2
PFC
PFCo = PFC — TFC <—) (7N
UFC

2
psc

PSCo =Psc — TSC ( : ) (8)
e

v

; i 2yBus :
PLoad = VBus * tLoad = - iLoad &)
CBus

[ 2ysc:

psc =Usc - isc = V

- igc. (10
Csc IS¢ (10)

III. ENERGY MANAGEMENT AND CONTROL LAWS

As mentioned earlier, one must operate an FC at slow dy-
namics to improve its stack lifetime [2], [4]. Then, it can be
compensated by faster dynamics from storage devices. The
energy-management strategy based on a dynamic classification
aims at distributing the global power mission of the vehicle
into sources in such a way that each source is optimally used.
According to the two points mentioned previously, embedded
energy sources can be classified in frequency space, as illus-
trated in Fig. 3. The FC generator is controlled as a lower
dynamic power source. The supercapacitor is a higher dynamic
power source, which provides the microcycles and the fast
dynamic power supply.

In this kind of system. as depicted in Fig. 1, there are two
voltage variables or two energy variables to be regulated.

1) The de-bus enerzy yp,s i1s the most important variable.

2) It 1s the supercapacitor storage energy ysc (charging

supercapacitor).

Therefore, the proposed hybrid energy management is that
its basic principle lies in using the supercapacitors (the faster
energy source) to supply the energy required to achieve dc-bus

“voltage rcgulation (or dc-bus cnergy regulation) {2]. Then, the

FC, although obviously the main energy source of the system,
functions as the generator (with dynamic limitations at fy) that
supplies energy for both the dc-bus capacitor Cpys and the
supercapacitors C'sc: to keep them charged.

A. Literature Review: Control System Based on
Differential Flatness Theory

The idea of differential flatness theory was first introduced by
Fliess et al. [26] (see the Appendix). This allowed an alternate
representation of the system where trajectory planning and
nonlinear controller design is clear cut. The advantages of the
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differential flatness approach are that the trajectories of the
system are straightforwardly estimated by the trajectorics of
a flat output and its derivatives without integrating any differ-
ential equation. Currently, these ideas have lately been used
in a variety of nonlinear systems across various engineering
disciplines, including the following:

1) process of stirred tank chemical reactor [27];

2) vehicle steering control [28]:

3) control of a high-speed linear axis driven by pneumatic
muscle actuators [29];

4) control of cathode pressure and oxygen excess ratio of a
PEMFC system [30];

5) steering control of a two-level quantum system [31];

6) reactive power and dc voltage tracking control of a three-
phase voltage source converter [32];

7) control of open-channel flow in an irrigation canal [33];

8) current control for three-phas= three-wire boost convert-
ers [34];

9) design of a guidance algorithm for the hypersonic phase

of a lifting-body vehicle [35];

control of space robot with arbitrarily oriented joint axes

and two momentum wheels at the base [36].

10)

B. DC-Bus Energy Regulation

To prove that the system is fiat. the dc-bus electrostatic
energy ynys stored in Cg,s 15 assumed as the flat output
component. Therefore, one defines a flat output y; = YHuss @
control variable %, = pscrgr. and a state variable z; = Vhas
From (3), the state variable =, can be written as

2y = ‘Zyl—"('r)
'1—\/08“-»«1 Yi)-

From (6), the control variable u; can be calculated from
the flat output y; and its time derivatives (inverse dynamics,
see Fig. 12) as

(1

r . /2y .
Y I\, Chuy Load~PFCo
Uy =2-PsCLimited |1 — |1— B
SCLimited
=1¥1(y1, 1) = PSCREF (12)
where
e
s USE
Pscrimited = (13)
rsc

PscLimitea 18 the limited maximum power from the superca-
pacitor module.

Therefore, it is apparent that z, = ¢ (y;) and u; =
Y1 (y1,91) correspond with (A-6) and (A-7). Consequently, the
proposed reduced-order model of the hybrid system can be
considered as a flat system.

A desired reference trajectory for the dc-bus energy is
represented by yrip. A feedback control law (see Fig. 12)

2703

achieving an exponential asymptotic tracking of the trajectory
is given by the following expression [23], [37]:

(1 —rer)~Kulyr —yirer) + R / (Y1 —y1rer)d7 =0
(14)
where the set of controller parameters { A1, K5) is chosen so

that the roots of the closed-loop characteristic polynomial in the
complex variable s

pls) = s s’ + 25 (15)
is a Hurwitz polynomial. ’
Obviously, the tracking error ey = y; — y1REF satisfies
€1+ K161 + K6 = 0. (16)

An optimum choice of the design controller parameters is
obtained by matching the characteristic polynomial p(s) to a
desired characteristic polynomial with defined root locations.

One may set as a desired characteristic polynomial

p(s) =52 + 20w,s + w? (17)
Ky =2¢w, (13)
Kige=al (19)

where ¢ and w,, arc the desired dominant damping ratio and the
natural frequency, respectively.

It is noticeable that the control system is stable for K,
K12 > 0 (¢, w, > 0). However, based on the power-electronic
constant switching frequency fg aud the cascade control struc-
ture, the outer control loop (here the dc-bus energy control)
raust operate at a cutoff frequency fr. < fe (a cutoff frequency
of the supercapacitor current loop) < fs [38]. Once the flat
outputs are stabilized, the whole system is stable because all
the variables of the system are expressed in terms of the flat
outputs via (11)—(13).

C. Supercapacitive Energy Regulation

For total energy regulation (or supercapacitor energy reg-
ulation), a desired reference trajectory for the total energy is
represented by yrrer. Since the supercapacitor ES is an enor-
mous size capacity, and the supercapacitor energy is defined as
a slower dynamic variable than the de-bus energy variable, a
special control law of the total energy regulation is defined as
(20)

PFCDem = Premin, i yTREF —y1r <—AyY

_ f(prc, PLoad) — PreMin

PFCDem es - (YTREF —YT)
+f(PFc, PLona),  if —Ay<yrrer—yr <0 (21)
PFCM:LX —f(PF(h pLo:ul) ’ -
PFCDem = A “(YTREF —YT)
Y
+f(PFC, PLona),  iIf0<yrrEr—yr <Ay (22)
PFCDem = PreMax, it Ay <yrrer —yr (23)
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Fig. 4. Proposed control scheme for the FC/supercapacitor hybrid source.

where

p Pload

f(PPc, PLoad) =2 PrcLimited (l =4/1= -—m—‘——> (24)
Prcpimited
2
Vi =
PFCLimited = E.(' . 25
d-rpe

PrcLimited 18 the limited maximum power from the FC con-
verter. Promax and Ppoumin are the maximum and minimum
power of the FC stack, respectively. Ay is the regulation
parameter.

The total energy control law generates the FC power demand
PFCDem [see (20)-(23)]. The FC, although clearly the main
energy source of the system, functions as the generator that
supplies energy for both the dc-bus capacitor Cp,, and the
supercapacitors Csc o keep them charged.

D. Conclusion of the Control Laws

The multivariable control of the FC/supercapacitor hybrid
power source previously detailed is portrayed in Fig. 4. The dc-
bus energy control law generates a supercapacitor power refer-
ence pscrer [or the control variable w,; sce (12)]. This signal
1s then divided by the measured supercapacitor voltage vgc
and limited to maintain the supercapacitor voltage within an
interval [Vscmin, Vsemax) by limiting a supercapacitor charg-
ing current or discharging current, as presented in the block
“SuperC Current Limitation Function” [17]. This results in the
supercapacitor current reference iscrpr. For the total energy
control law [see (20)—(25)], it generates the FC power demand
PFCDem- It must be limited in slope, which enables the safe
operation of the FC with respect to the dynamic constraints
that are associated with the FC stack, as portrayed in Fig. 3.
To obtain a natural linear function, a second-order delay (filter)
Drc(s) is chosen for the limited FC power dynamics as

Drc(s) = ?FCREP(S) e P :
PFCDum(S) ( ) ot ELS 4 4

(26)

Wny @Wni

where w,,; and (¢, are the regulation parameters. Then, the
FC power reference pperer is divided by the measured FC
voltage vgc. This results in an FC current reference ipcrpp.
For safety. the FC current reference gy must be limited
in level. r.e., within an interval [maximum FC current /p¢yjax
(corresponding to a FC rated current), minimum FC current
Teean (setto 0 A)).

IV. PERFORMANCE VALIDATION
A. Test Bench Explanation

To authenticate the proposed innovative control laws of the
hybrid system, the small-scale test bench was implemented
ina Iaboratbry. as illustrated in Fig. 5. The PEMFC system
(500 W, 50 A, 10 V) was achieved by the Zentrum fiir
Sonnenenergie und Wasserstoff-Forschung (ZSW) society. It
consists of 16 cells of 100 cm? in serics, as illustrated in
Fig. 5. It is supplied using pure hydrogen from an aluminum
tank under pressure of 150 bars and with clean and dry air
from a compressor (50 W). The supercapacitor bank is obtained
by means of two supercapacitor modules BMODO0500-P016
(developed and manufactured by Maxwell Technologies Inc.:
500 E. 16 V, 500 A) connected in series. The test bench was
operated at around 25 “C at room temperature.

The FC converter (two-phase parallel boost converters) and
the supercapacitor converter (two-phase parallel bidirectional
converters) (see Fig. 1) are realized in the laboratory. The
converter parameters and the semiconductor components are
detailed in Table I.

B. Control Description

Measurements of the FC current ipc, the supercapacitor
current i5¢, the load current ¢p,,,q. the de-bus voltage vg,,,
the FC voltage vpc. and the supercapacitor voltage vg¢: are
carried out by means of zero-flux Hall effect sensors. The two
energy control loops and the two current control loops have
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Monitoring f"&'
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Fig. 5. Test bench system at the Groupe de Recherche en Electrotechniqgue ct
Elcc[roniquc de Nancy (GREEN).

TABLE
CONVERTER PARAMETERS AND SEMICONDUCTOR DEVICES

Fuel Cell Converter:

Inductors Lp=L;, 38 HpE

MOSFETSs Sg;=Sg» EXFN230N10: 100 V, 230 A
Schottky diode Dgy=Dg; STPS160H100TV: 100 V, 80 A

Supercapacitor Converter:

Inductors L¢y=Le, 140 uH

MOSFETSs S¢i =S¢ STELIONS20FD: 200 V, 110 A
=Sc1"=S¢2’

TABLE I
DC-BUS ENERGY CONTROL LOOP PARAMETERS

VBusREF 42 v
C’Bu; 6200 /,lF
K 424 rad-s’!
K 90 x 10° rad®s?
rec 0.015 Q

rse 0.030 Q
Pscma +1500 W
Pgscntin -1500 W
Vsemax 32 \
Vscmin 2.5 \%
Iscrated 100 A

been implemented in a real time card dSPACE DS1103 through
the mathematical environment of MATLAB/Simulink with a
sampling frequency of 25 kHz.

The parameters associated with the dc-bus energy regulation
loop and the total energy regulation loop are shown in Tables I
and I1I, respectively. The parameters for the FC power dynamic
delay are shown in Table III. This value has experimentally
been determined as the highest power slope ot our FC system,
where no fuel starvation occurs. It must be noted here that, for
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TABLE III
TOTAL ENERGY CONTROL LOOP PARAMETERS

VSCREF 25 v

Csc 250 F

Ay 6.25x10° 1}

¥ 0.015 Q
Prcsax 320 W
Presin 0 w
Ircviae (Rated) 50 A
IF(‘.\lm 0 A

< 1

Wa 0.5 rad-s™

the small-test bench, the FC maximum power ppamax 1S set at
320 W; in fact, the rated FC power considered here is 500 W.

C. Experimental Results

The experimental tests have been carried out by connecting
the dc bus loaded by an clectronic active load. Figs. 6 and
7 present waveforms that are obtained during the load cycles
(motoring and regenerative braking modes). It shows the dc-
bus voltage, the FC voltage, the load power, the supercapacitor
power, the FC power, the supercapacitor current, the FC current,
and the supercapacitor voltage (or the supercapacitor state of
charge SOC).

As illustrated in Fig. 6, the initial state is in no-load power,
and the storage device is full of charge, ie., vsc =25 V
As a result, both FC and supercapacitor powers are zero. At
t =10 s, the load power steps o the final value of around
+720 W (imitated vehicle acceleration). Synchronously, the
final FC power increases with a limited slope (sccond order
characteristics) to a limited maximum power of 320 W. Thus,
the supercapacitor, which supplies most of the power that is
required during stepped load, remains in a discharge state
after constant power because the steady-state load power is
greater than the FC limited maximum power. After that, at
t = 70 s, the load power steps trom +720 to + 100 W. Now, the
supercapacitor voltage is equal to around 18.5 V; as a result.
the supercapacitor is changing its state from discharging to
charging. The FC power is still at the limited maximum power
of 320 W to supply the energy to the load and to charge the
supercapacitor.

As illustrated in Fig. 7, in the initial state, the load power
is equal to +80 W, and the supercapacitor voltage is equal to
24.5 V. which is nearly fully charged. As a result, the FC power
is 120 W to supply the energy for the load and to charge the
supercapacitor. At £ = 10 s, the load power steps to —400 W
(imitated vehicle deceleration or regenerative braking), and the
supercapacitor is deeply charged (recuperative braking energy),
demonstrating the two phases.

1) First, the supercapacitor recovers the energy that is sup-
plied to the dc bus by the FC and the load; synchronously,
the FC power reduces with a limited slope (second-order
characteristics) to zero.

2) Second, at £ = 20 s, the supercapacitor absorbs the nega-
tive energy supplied only by the load. As a result, the su-
percapacitor is overcharged. i.e., vs¢ > vscrer = 25 V.
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® Fig. 6. Hybrid source response during step load from 0 to 720 W and from 720 to 100 W (motoring mode).
After that, at t = 60 s, the load power steps from —400 to its state from charging to discharging. The FC power is still at

+80 W. Now, the supercapacitor voltage is equal to around the limited minimum power of O W. Therefore, the load power
27 V (overcharged). As a result, the supercapacitor changes is supplied by only the supercapacitor power. After that, when
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vsc reduces to vscrer of 25 V, the supercapacitor power will To illustrate the dynamic regulation of the dc-bus energy
reduce to zero, and the FC power will increase to supply the (voltage), the oscilloscope wavetorms in Fig. 8 portray the dc-
energy for the load. bus voltage (representing the flat output y;) dynamics at a high
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Fig. 9. Hybrid source response during load power with a low frequency of
100 Hz.

load power demanded (disturbance). It shows the dc-bus ripple
voltage (state variable ), the load power, the supercapacitor
power, and the FC power. Once again, the supercapacitor
supplies most of the power that is required during the high step
load. The experimental results reveal only small perturbations
on the dc-bus voltage waveform, which is of major importance
by using the flatness-based control law for the dc-bus energy
regulation in the proposed system.

To present the hybrid power-source response to the load
power with a low frequency power demanded, the oscilloscope
waveforms in Fig. 9 show the dc-bus voltage (state variable ),
the load power, the supercapacitor current, and the FC current.
This test functions to observe the control law performance when
the dc bus is connected with a single-phase inverter at S0 Hz.
As a result, the load power frequency at the dc bus is 100 Hz.
One can see that the supercapacitor supplies most of the low
frequency for the load power. The experimental results reveal
the regulation of the dc-bus voltage waveform, and the FC
power is nearly constant for the average load power, which is
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Fig. 10.  DC link stabilized FC/supercapacitor hybrid source based on linear
PI control law.

ol major importance by using the flatness-buased control law for
the de-bus energy regulation in the proposed system.

D. Performance Comparison Between the Flatness Control
and the Classical Linear PI Control

To compare the performance of the flatness-based control,
a traditional linear proportional-integral (PI) control method
presented in [17] is also detailed. Here, we briefly review
this approach. A desired reference for the dc-bus energy is
represented by ypusrer (V1rer)- A linear feedback PI control
law is given by the following expression:

t

PscrEF = K p (YBusREF —YBus) + K1 / (YBusREF —YBus ) dT

@7

where /{p and K are the set of controller parameters.
Therefore, because the supercapaciior current loop is much
faster than the de link voltage loop [so that it can be considered
as a pure unity gain; see (6)}, the open-loop transfer {unction
associated with the de link voltage regulation can be written as
PI-Controller

YBus/Psc  Psc/Pscrer
e ey,
YBus (5)

s, i
o 'Y K, i 1
U sl PR T

(28)
,‘/HHSREF("",

where Tp is the time constant of an equivalent first-order delay
of the supercapacitor power regulation loop (or the supercapac-
itor current regulation loop). Thus, the linear control law of the
dc link stabilization previously detailed is portrayed in Fig. 10.
It is similar to the nonlinear control law (see Fig. 4), where the
PI controller also generates a supercapacitor power reference
PSCREF -

To comparc the performance of the fatness-based control
and the lincar PI control laws, the simulation was implemented.

Simulations with MATLAB/Simulink were performed using a

reduced-order model of the power plant. as portrayed in Fig. 1.
To give a reasonable comparison between the methods, the
parameters of the linear PI controller Kp and K; were tuned
to obtain the best possible performance, and this result is com-
pared with the flatness-based control. Then, A'p = 600W - J !,
and K77 = 100000 W - (J-s) '; therefore, the desired phase
margin PM is u;ual 0 60°. If Kp =720 W-J" and K; =
200000 W - (J-s)"", then the desired phase margin PM is
equal to 50°.

Fig. 11 shows simulation results obtained for both con-
trollers during the large load step. It is similar to the test
bench results illustrated in Fig. 8. The flatness-based control
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Fig. 11. Simulation results. Comparison of the flatness-based control law with

a linear PI control law. Response to a large load step from 0 to 400 W at
t = 10 ms.

shows good convergence of the dc-bus voltage regulation to
its desired reference of 42 V. Although the dynamic response
of the linear control law could be improved (by reducing the
phase margin P M) relative to that shown in the figures, this
enhancement came at the expense of a reduced stability margin
(see Fig. 11). From these results, we conclude that the flatness-
based control provides better performance than the classical
PI controller.

V. CONCLUSION

There is an essential need for an efficient ES system that is
affordable and has a drive cycle life for future FC vehicles.
This paper has focused on the dynamic performance by tak-
ing account of the intrinsic energetic characteristics of these
sources (i.e., energy and power densities and typical operating
dynamics) in the energy-management strategy. Hence, the con-
trol approach, based on the differential flatness control, presents
the robustness, stability, and efficiency of the FC/supercapacitor
hybrid power source. The control laws illustrate how to cir-
cumvent the fast transition of the FC power and then reducing
the FC stack stress. As a result, the hybrid source lifetime is
theoretically increased.

To ensure the energy-efficient operation of the FC stack, the
output current ripple of the FC stack is minimized by parallel
boost converters with interleaving switching technique for a
high-frequency ripple (25-kHz pulse width modulation) by the
supercapacitor for a low-frequency ripple (e.g., 100 for single
systems).

Experimental results in the laboratory carried out using a
small-scale test bench, which employs a PEMFC (500 W,
50 A), and a storage device of supercapacitor bank (292 F,
30 V) corroborate the excellent performances during load
cycles.

APPENDIX

This Appendix gives a brief theory of the differential flatness
[26], [39]. A system of ordinary differential equations (A-1) is
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Fig. 12. Concept of flatness-based control. where y is the output variable,

YREF is the output set point, and w is the control input variable.

said to be differentially flat, it there exist variables (denoted by
the flat outputs y) such that

x = [(x,u) (A-1)
=y ..r,,}T x € R" (A-2)
u:[ul,u-z.,...u,,,]T e R (A-3)
y=[.v2....ym]T yER™ (A-4)

where x 1s the state variable, w is the vector of input (control)
variables, and (n,m) € N.
1) These variables are functions of the states, inputs, and
finite derivatives of the inputs of the form

y=¢ (x, U0, ... ,'zz(")) (A-5)

where «a is the finite number of derivatives.
2) All the states and inputs can be expressed in terms of flat
outputs and their derivatives by equations of the type

X =g (y- & .k .:t/“”) (A-6)
u =g (.f/~ ¥ ol gl "”) (A-T)
where /3 is the finite number of derivatives.
3) There is no differential equation of the form
0=¢(ni.....v") (A-8)

where ¢ is the finite number of derivative.

Note that the vector function f in (A-1) is assumed to be
smooth. As depicted in Fig. 12, nonlincar flat systems are
equivalent to linear controllable systems. The flat outputs y
and their derivatives provide an alternate representation of the
system dynamics such that if the flat output’s profiles are known
as a function of time, then one can obtain the profiles of all
the system states and the corresponding inputs. This property
is used to calculate the flat output’s trajectories, which are then
mapped to the inputs u. Clearly, the advantages of the differ-
ential flatness approach is that the trajectories of the system,
i.e., (z.u), are straightforwardly estimated by the trajectories
of y and their derivatives without integrating any differential
equation [40].
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Analysis of Differential Flatness-Based Control
for a Fuel Cell Hybrid Power Source

Phatiphat Thounthong, Member, IEEE, Serge Pierfederici, and Bernard Davat, Member, IEEE

Abstract—This paper presents an innovative control law for dis-
tributed dc generation supplied by a fuel cell (FC) (main source)
and supercapacitor (auxiliary source). This kind of system is a
multiconverter structure and exhibits nonlinear behavior. The op-
eration of a multiconverter structure can lead to interactions be-
tween the controls of the converters if they are designed sepa-
rately. Typically, interactions between converters are studied using
impedance criteria to investigate the stability of cascaded systems.
In this paper, a nonlinear control algorithm based on the flatness
properties of the system is proposed. Flatness provides a convenient
framework for meeting a number of performance specifications for
the hybrid power source. Using the flatness property, we propose
simple solutions to hybrid energy management and stabilization
problems. The design controller parameters are autonomous of
the operating point; moreover, interactiors between converters are
taken into account by the controllers, and high dynamics in dis-
turbance rejection is achieved. To validate the proposed method,
a hardware system is realized with analog circuits, and digital es-
timation is accomplished with a dSPACE controller. Experimental
results with small-scale devices (a polymer electrolyte membrane
FC of 1200 W, 46 A and a supercapacitor module of 100 F, 500 A,
and 32 V) in a laboratory corroborate the excellent control scheme
during a motor-drive cycle.

Index Terms—Converters, current control, electric vehicles,
energy management, flatness-based control, fuel cells (FCs),
supercapacitor.

I. INTRODUCTION

ENEWABLE energy sources [such as wind turbines, pho-
R tovoltaics, and fuel cells (FCs)] are expected to provide a
higher proportion of the world’s energy demand in the near fu-
ture. FCs, in particular, are anticipated to play a significant role
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in helping to meet the demands of power quality and reliability
of distributed power generation [1]. [2].

It is believed that FC vehicles could revolutionize the auto-
mobile industry by rcplacing internal combustion engine (ICE)
technology [3]. As reported in [4]. for vehicle applications, the
total cfficiency of an ICE based on a propulsion system and
FC vehicle comprises the well-to-tank efficiency and the tank-
to-wheel efficiency. Overall, the FC vehicle is more efficient
than the ICE vehicle. The well-to-wheel efficiencies are 21.7
and 13.8% for FC and ICE vehicles, respectively. For hydro-
gen manufacture, there are many ways to produce hydrogen,
particular from wind turbines and photovoltaic cells [5].

According to recent works on FC characteristics [6]-[9],
the specific propertics of FCs that result in a delayed out-
put power response are related to processing time through
subsidiary equipments, and slow internal electrochemical and
thermodynamic characteristics. Therefore, in order to supply
electric power to fluctuating loads via the hybrid system of the
FC, an electric energy storage system is needed to compensate
the gap b~tween the output from the FC and the load, in addition
to collaborative load sharing. At the moment. based on present
storage device technology, the supercapacitor (or “ultracapaci-
tor”) storage device has received wide attention [10], [11] as an
auxiliary power source.

The primary difference between batteries and supercapaci-
tors is that the former store energy in the bulk of chemical
reactants capable of generating charge, whereas the latter store
energy directly as surface charge. Battery discharge rate and,
therefore, power performance is limited by reaction Kinetics
as well as mass transport. while such limitations do not ap-
ply to supercapacitors constructed with two activated carbon
clectrodes, thereby allowing exceptionally high power capa-
bility during both charge and discharge [12]. In addition, the
highly reversible electrostatic charge storage mechanism in su-
percapacitors does not lead to the volume changes observed in
batteries with electrochemical transformations of active masses.
This volume change limits the lifetime cycle of batteries usu-
ally to several hundred cycles, whereas supercapacitors have
demonstrated from hundreds of thousands to many millions of
full-charge/discharge cycles [10].

Previous research works have shown that hybridization of
FC vehicles with batteries [13], [14], supercapacitors (ultra-
capacitors) [15], [16]. and battery/supercapacitors [17], [18].
provides cost, performance, and operational improvements, as
well as fuel economy benefits that are attractive and should
be considered. As reported in [19], an FC/supercapacitor hy-
brid source has better performance than an FC/battery source,
because the supercapacitor can more effectively assist the FC

0885-8969/$26.00 © 2010 IEEE
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to meet the transient power demand, and high-current charges
and discharges from batteries will also have a reduced lifetime.
Even better, hybrid source in a FC/battery/supercapacitor com-
bination has been presented in [18]. A main improvement of the
FC/battery/supercapacitor vehicle is the increase in the battery
lifetime due to reduction of high-current charges ard discharges.

However, there are still some aspects of control methods
to be studied, particularly in the area of dynamics, robust-
ness, stability, and efficiency. Recent work on controlling a
FC/supercapacitor hybrid power plant is reported in [16], where
a linear control using PI compensator was proposed for dc-
link stabilization. Design controller parameters based on linear
methods require a linear approximation, where this is dependent
on the operating point. Because the switching model of the hy-
brid power plant is nonlinear. it is natural to apply model-based
nonlinear control strategies that directly compensate for system
nonlinearity without requiring a linear approximation [20].

Differential flatness theory (nonlinear approach) was first in-
troduced by Fliess et al. [21]. This allowed an alternate repre-
sentation of the system, where trajectory planning and nonlinear
controller design is clear-cut. These ideas have been used lately
in a variety of nonlinear systems across various engineering
disciplines including: control of a high-speed linear axis driven
by pneumatic muscle actuators [22], control of cathode pressure
and oxygen excess ratio of a proton exchange membrane (PEM)
fuel cell system [23], steering control of a two-level quantum
system [24], reactive power and dc voltage tracking control of
a three-phase voltage source converter [25], control of open-
channel flow in an irrigation canal [26], current control for three
phase three-wire boost converters [27], design of a guidance al-
gorithm for the hypersonic phase of a lifting-body vehicle [28],
and control of a space robot with arbitrarily oriented joint axes
and two momentum wheels at the base [29].

In this paper, we present an innovative control approach called
differential flatness to manage energy in the proposed system.
This paper is focused on a special control strategy and control
law. This method enables the management of transient power
demand, power peaks, and regenerative braking, particularly in
future FC vehicle applications. in light of FC and supercapacitor
constraints. It will provide a new contribution to the field of the
multisource system. The general structure of the studied svstem,
the new control algorithm of the hybrid source, realization of the
experimental bench, and experimental validation are presented
in the following sections.

IT1. FC HYBRID POWER SOURCE
A. Proposed Hybrid Structure

Low-voltage, high-current (power) converters are needed
because of the electrical characteristics of FCs and superca-
pacitors. A classical boost converter is often used as an FC con-
verter [30], [31], and a classical two-quadrant (bidirectional)
converter is often used as a supercapacitor or battery con-
verter [32]. However, the classical converters will be limited
when the power increases or at higher step-up ratios. As such,
the use of parallel power converters (multiphase converters in
parallel) with interleaving may offer better performance [33].

IEEE TRANSACTIONS ON ENERGY CONVERSION

In the interleaving method, the converter modules all operate
at the same switching frequency. Their switching waveforms are
displaced in phase with respect to one another by 27/N radians
over the switching period. with N being the number of converters
working in parallel. The interleaved converter can benefit both
high current and high power density designs. It is ideal for dc-
bus converters and merchant power applications because the
reduced input ripple current and reduced output capacitor ripple
current lessen the electrical stress on the dc capacitors [33].

Fig. 1 depicts the proposed hybrid source structure. The FC
converter combines four-phase parallel boost converters with
interleaving, and the supercapacitor converter employs four-
phase parallel bidirectional converters with interleaving. These
latter two converters are in the high-current and low-voltage
sections. In order to obtain a higher utility voltage level, a three-
level boost converter can be used as a high-voltage section.
The use of a high-voltage section converter leads to better ef-
ficiency of the global conversion structure due to the use of
MOSFET/Schottky diode technology rather than insulated gate
bipolar transistor (IGBT)/ultrafast diode technology [34].

Constraints in operating the three-level boost converter are
to regulate the input current 2y,,,,. the dc-bus output v, and
to ensure the balance of voltages across capacitors C'y and Cs.
It is beyond the scope of this paper to present the three-level
boost converter. For more details may be found in [34]. Thus,
the following presentation will detail only with the low-voltage
and high-current section.

For safety and high dynamics, the FC and supercapacitor
converters are typically controlled primarily by inner current
regulation loops. The current controls of these converters, as
illustrated in Fig. 2, are similar to the basic current control
of parallel converters. These controls can be easily realized
with linear (PI) or nonlinear (sliding mode) current controllers
[35]. The dynamics of the current regulation loops are also
supposed to be much faster than those of the outer control loops
[36]. These current control loops are supplied by two reference
signals: the supercapacitor current reference iscrpr and the FC
current reference ipcrpp generated by the energy management
algorithm presented hereafter.

B. Reduced-Order Model of FC/Supercapacitor Converters

We suppose that the FC and supercapacitor currents follow
their reference values completely. Thus,

PFC _ PFCREF

1FC = TFCREF = : (H
VEC UFC

5 ; psc PSCREF

i3¢ = ISCREF = — = ————, (2)
UsC vsC

A reduced-order model [37] of the studied power converters
is shown in Fig. 3. Now, the FC generator and the supercapacitor
storage device function as controlled current sources. We con-
sider here that there are only static losses in these converters, and
ree and rse represent static losses in the FC and supercapacitor
converters, respectively.
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Fig. 1. Proposed distributed generation system supplied by fuel cell and supercapacitor, where p1.,ad (= vBus- iLoad ). UBus. and i 444 are the load power, the

de-bus voltage, and the dc-bus load current, respectively. ppc (= v ¢-ip¢ ), vpe,and ip( are the FC power, voltage, and current, respectively. pgc: (=

vsCrise ),

vs¢,and igc are the supercapacitor power, voltage, and current, respectively. ppc, and pgc, are the output powers to the dc link from the converters of FC and

supercapacitor, respectively.

The dc-bus capacitive energy yg,s, and the supercapacitive
energy ysc can be written as follows:

1 2
YBus = SCVBHS VBus

3

1 9
ysc = 5Cscvse. “4)

The total electrostatic energy y stored in the dc-bus capacitor

Chius and the supercapacitor Csc can also be written as follows:
1 2 1 2

yr = ECBUS‘UB\,_\ + §Csc v (5)

The dc-bus capacitive energy yp,,s is gIVEeN VErsus ppeo, PSco,
and pro.q by the following differential equation:

Z]Bux =PFCo - PSCo = PLoad (6)
where
» 2
FC
PFCo = PFC — TFC ( ) @)
VFC
psc 1
PSCo = PSc — T'scC (—-) &
vsC
: 2YBus .
PLoad = VBuslLoad = e (9)

tLoad
CBus

(10)

III. CONTROL OF A HYBRID POWER SOURCE
A. Literature Review: Control of a Hybrid Power Source

The energy management of multipower sources has been
studied recently: for example, by Feroldi et al. [38], who studied
the control (based on the efficiency map) of a FC/supercapacitor
hybrid power source for vehicle applications; by Jiang et al. [39].
who studied the control (based on adaptive control with state-
machine estimation) of a FC/battery hybrid power source; by
Li and Liu [40], who studied the control (using a fuzzy power
control algorithm) of a FC/battery hybrid power source; and
by Thounthong et al., whose work concerned a regulated de-bus
voltage FC/supercapacitor hybrid source (based on a basic linear
controller operated by setting controller parameters that depend
on a defined operating point) [16], a regulated dc-bus voltage
FC/battery/supercapacitor hybrid source (based on a basic linear
controller operated by setting controller parameters that depend
on a defined operating point) [18] and an unregulated dc-bus
voltage FC/battery hybrid source (based on the battery state-
of-charge) [14]. Nevertheless, in these structures, there are still
some aspects about the control laws that remain open to study,
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Fig. 2. Current control loops of the proposed FC/supercapacitor converters.
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Reduced-order model of the studied power converters.
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Fig. 4. Concept of control system based on the flatness principle, where v
is the output varizble, ypt p is the output set point. and w is the control input
variable.

particularly in the area of dynamics, robustness, stability, and
efficiency.

B. Brief Theory of Differential Flatness

The theory of differential flatness consists of a parameteriza-
tion of the trajectories of a system by one of its outputs y, called
the flat outpur. and its derivatives. Here, we consider general
nonlinear systems of the form

= flz, u) i
x:[J"],(l;g,....'l;n]TtxE",Rn (IZ)
wn = {?I.l-,'ll.g. s “m}T e m\ﬂl (13)

where x is the state variable, u is the vector of input (control)
variables, and (n, m) € N.

According to Fliess et al. [21], [41], if the state variable a can
be parameterized by output ¥y and its derivatives, an autonomous
dynamical system, (i.e., (11) with time removed) is said to be
differentially flat and admits the flat output y

y=1[y.92 . ym] iy €R™ (14)
with
y= oz u i, ... o) (15)

such that the state variable and control variable can be written
as follows:

® =@t ) (16)

u= Yy, .. .y) (17

where « and 3 are the finite numbers of derivative. As depicted
in Fig. 4, nonlinear flat systems are equivalent to linear con-
trollable systems. Therefore, a dynamical system is naturally
differentially flat if it is equivalent to a system without dynam-
ics, i.e., astatic system [22], [23]. The aforementioned equations
mean that there exists a quantity y that summarizes the behav-
ior of the whole system via the mappings ¢ and . Clearly, the
advantage of the differential flatness approach is that the trajec-
tories of the system, i.e., (x, ) are straightforwardly estimated
by the trajectories of ¥ and its derivatives without integrating
any differential equation [29], [42].
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C. Proposed Differential Flatness-Based Control Hybrid
Source

In the proposed system depicted in Fig. 1, there are two
voltage variables or two energy variables to be regulated.

1) The dc-bus energy y:.,. is the most important variable.

2) The supercapacitor storage energy ysc is of secondary

importance.

Therefore, based on the previous literature referenced carlier.
we propose to utilize the supercapacitors, the fastest energy
source of the proposed system, to supply the energy for the dc
bus [16], [18]. Hence, the FC (as the slowest dynamic device)
functions to supply the energy to both the dc-bus capacitor Cg,4
and the supercapacitors Cs¢ to keep them charged.

The flat output y = [y, y»!7, control variable u = [u,, us]7,

and state variable x = [z, xz]T are defined as follows:
YBus PSCREF VBus
Y= ; U= § @€ =
Yt PFCREF usC

From (3) and (5), the state variables = can be written as

follows:
‘2y1 g
Ty = ‘/ =g 19
I B v1 () (19)
P ) i
py=yf 2R TH w2 (Y1 1) (20)

Cse

From (6), the control variables u can be calculated from the
flat output ¥ and its time derivatives (inverse dynamics, see
Fig. 4)

T yl = V (2y1 /Can)iLm\d —PFCo

Uy = 2pSCMnx L=

PSCMax
=1 (y1,91) = PSCREF @21
) V 2 Chus)iLoa
TN TR - T (e Yo + ( .l/l/ Bus )LL ad
PFCMax
= 92 (Y1,92) = PFCREF (22)
where
o g
vE e
PSCMax = > » PFCMax = - E . (23)
4,‘5(,‘ .17‘1..(‘

In this case, pscmax and preax are the limited maximum
power of the supercapacitor and FC sources, respectively.

Thus, it is apparent that x; = ) (y1). T2 = ¢ (Y1, ),
ur = Y1 (y1,%1), and ua = ¥, (y1,72) correspond with (16)

and (17). Consequently, the proposed reduced-order system can
be considered as a flat system.

D. Control Law and Stabiliry

For dc-bus energy regulation, a desired reference trajectory
for the dc-bus energy is represented by yrgr. A lineariz-
ing feedback control law that performs exponential asymptotic

tracking of the trajectory is given by the following expres-
sion [20], [27]:

(%1 —%irer) + K11 (Y1 —virer) + K12 / (Y1 —y1reF)dT=0

(24)
where the set of controller parameters (/. K1) is chosen, so
that the roots of the closed-loop characteristic polynomial, in
the complex variable s. is a Hurwitz polynomial

pils) = G2 AL ey (25)
Obviously, the tracking error e; = y; — yirgF Satisfies
é1 + K163 + Kaep = 0. (26)

The optimum choice of the design controller parameters
is obtained by matching the characteristic polynomial p(s)
to a desired characteristic polynomial, with prespecified root
locations.

We may set as the desired characteristic polynomial

p(s) = 8 + 2(w,s + w2 Q7
Aoy ="2Cw, (28)
Ky = u? (29)

where ¢ and w,, are the desired dominant damping ratio and
natural frequency.

It 1s noticeable that the control system is stable for Ay,
Ky2 > 0 (¢,wn > 0). However, based on the power electronic
constant switching frequency wg and cascade control structure,
the outer control loop (here. the dc-bus energy control) must
operate at a cutoff frequency wg < we (the cutoff frequency
of the supercapacitor power loop) < wy [43]. Once the flat
outputs are stabilized, the whole system is stable because all the
variables of the system are expressed in terms of the flat outputs
via (19)—-(23).

The control law of the dc-bus energy loop detailed earlier is
portrayed in Fig. 5. The dc-bus energy control law generates
a supercapacitor power reference pscrpr. This signal is then
divided by the measured supercapacitor voltage vge and lim-
ited to maintain the supercapacitor voltage within the interval
[minimum Vsc i, . maximum Vsegay | by limiting the superca-
pacitor charging current or discharging current. as presented in
the block “superC current limitation function™ [16]. This yields
supercapacitor current reference iserpe -

For total energy regulation (or supercapacitor energy regu-
lation), the desired reference trajectory for the total cnergy is
represented by o pp. Because the supercapacitor has an enor-
mous energy storage capacity, and because the supercapacitor
energy is defined as a slower dynamic variable than the dc-
bus energy variable, the total energy control law is defined as
follows:

(2 — ¥2rER) + Koy (y2 — y2rer) = 0. (30)

Fig. 6 depicts the total energy control loop. The total energy
control law generates the FC power reference ppor i - It must be
restricted to an interval with maximum ppon.y (corresponding
to a rated power of the FC) and minimum pprcyin (set to 0 W)
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as well as be limited in dynamics; these limitations ensure safe
operation of the FC with respect to the constraints that are
associated with the FC (i.e., the prevention of an FC stack from
undergoing fuel starvation [7]). Here, the second-order delay is
selected as the “fuel cell power dynamic limitation.”

The proposed control presents a solution of how to avoid fuel
starvation, which allows the FC system to operate at high effi-
ciency. In effect, the fuel flow varies depending on the power
demand, rather than being fixed to a constant fuel flow at a maxi-
mum value (the FC always has sufficient fuel flow). Nonetheless,
the operating system by fixing the fuel flow to a constant fuel
flow at a maximum value has low efficiency because fuel flow
(known as the power input of this generator) is always constant
at the maximum value [7].

IV. EXPERIMENTAL VALIDATION
A. Test Bench Description

In order to authenticate the proposed control algorithm and
control laws. a small-scale test bench of the hybrid system was
implemented in our laboratory, as presented in Fig. 7. The FC
system used in this effort was a PEMFC system (1.2 kW, 46 A;
Ballard Power Systems Company). as illustrated in Fig. 8. [t was
supplied using pure hydrogen of regulated pressure at 10 bars
from bottles under a pressure of 150 bars and with clean and dry
air from a compressor. The supercapacitor module (100 F, 32 V;
Maxwell Technologies Company) was obtained by means of 12
BCAP1200 cells (capacitance: 1200 F and maximum voltage:
2.7 V) connected in series, as shown in Fig. 9.

Control law of the total energy regulation (charging supercapacitor) for FC/supercapacitor hybrid source.

l I Control Dcsk(op

Fuel Cell (CO- -rolDesk)

= Converter:
1200 W, 46 A

upercapacitor Module:
100 F, 32V

Fig. 7. Hybrid source test bench.

The FC converter (1.2 kW) and the supercapacitor converter
(4 kW) (see Fig. 1) were both realized in the laboratory. The con-
verter parameters and semiconductor components are detailed
in Table I.

B. Control Description

Meusurements of the FC current iy, the supercapacitor cur-
rent ¢gc, the load current ip,,,,4, the dc-bus voltage vp,, the FC
voltage vpc, and the supercapacitor voltage vsc were carried
out by means of zero-flux Hall effect sensors.
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——

Hydrogen Gaz
- Controlled Value

Fig. 8.

Test bench of PEM fuel cell system of 1200 W, 46 A.
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.. .
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Fig. 9. Test bench of supercapacitor module of 100 F, 32 V.

TABLE 1
CONVERTER PARAMETERS AND SEMICONDUCTOR DEVICES

Fuel Cell Converter:
Inductors Lg, =Lpy=Lg3=Lgs
MOSFETs SF] :Sm:Sn =Sp4
Diodes Dn =DF2 =DF3 =DF4

396 uH
IRFP264N: 250 V, 38 A
RURG3020: 200 V, 30 A

Supercapacitor Converter:
Inductors Le1=Lcr=Lcs =Lcs

MOSFETS SC| =Sc2=Sc3=Sc4
=Sc1 "=Sc2'=Sc3 "=Sca’

150 uH
IRFP264N: 250 V, 38 A

The FC and supercapacitor current regulation loops were
realized using analog circuits to function at a high band-
width. Parameters associated with the dc-bus energy regula-
tion loop and the total energy regulation loop can be seen in
Tables II and III, respectively. The FC power dynamic delay
is shown in Table III. This value has been experimentally de-

TABLE II
DC-Bus ENERGY CONTROL LOOP PARAMETERS
VBusREF 60 Vv
Cou 12,200 uF
K 141 rad-s’!
K 10 x 10* rad*s™
rec 0.10 Q
rsc 001 Q
PsCMax +3750 w
PsCMin -3750 w
VSCMM 32 V
VscMin 15 Vv
Iscraied 150 A

TABLE III
TOTAL ENERGY CONTROL LOOP PARAMETERS

VSCREF 25 \4

Csc 100 E

Kz 1 0.1

PFCMax 600 w
PFCMin 0 v
IFCMax (Rated) 46 A
Trcmin 0 A

& 1

@ 0.4 rad-s™

termined as having the highest power slope of our FC sys-
tem, where no fuel starvation occurs. It must be noted that,
for the small-test bench, the FC maximum power ppeafax was
set at 600 W; in fact, the rated FC power considered here is
1200 W. Moreover, these two energy control loops. which
generated current references ipcrer and iscrgp, were imple-
mented in the real-time card dSPACE DS 1104 using MATLAB-
Simulink at a sampling frequency of 25 kHz.

C. Experimental Results

The experimental tests were carried out by connecting a dc
link loaded by a traction motor that was coupled with a small-
inertia flywheel and friction load. Fig. 10 presents the waveforms
that were obtained during the motor drive cycle, and show the de-
bus voltage, the FC voltage, the load power, the supercapacitor
power, the FC power, the supercapacitor current, the FC current,
and the supercapacitor voltage [or the supercapacitor state-of-
charge (SOC)].

The initial state was in no-load power, and the storage device
was fully charged, i.e., vs¢ = 25 V; as a result, both the FC
and supercapacitor powers were zero. At ¢ = 10 s, the traction
motor speed accelerated to its final speed of 800 r/min; syn-
chronously. the final FC power increased with a limited slope to
its limited maximum power of 600 W. Thus, the supercapacitor,
which supplies most of the power that is required during motor
acceleration, remained in a discharged state after the start of the
motor because the steady-state load power (friction load) was
greater than the FC-limited maximum power.

Afterward, at t = 50 s, the motor speed decelerated to a stop
with a peak load power of about —200 W. The supercapacitor
was deeply charged, demonstrating the three phases. First, the
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Fig. 10. Hybrid source response during motor drive cycle.
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Fig. 11.  Setting controllers by choosing the cutoff frequency in frequency

space, where wg is the constant switching frequency of the supercapacitor
converter of 25 kHz (157 080 rad- s'l) wp is the cutoff frequency of the su-
percapacitor power loop of 450 rad-s ™", and ¢ is the cutoff frequency of the
closed-loop de-bus energy.

supercapacitor recovers the energy that is supplied to the dc bus
by the FC (600 W) and the traction motor. Second, the supcrca-
pacitor is charged only by the FC. Third, the supercapacitor is
nearly fully charged, which then reduces the charging current.
After this, both the FC and supercapacitor powers reduce to zero
when vgc reaches vscrer of 25 V.

To demonstrate dynamic regulation of the dc-bus energy
(voltage) at different nonlinear controller parameters (sce
Fig. 11), the oscilloscope waveforms in Fig. 12 show the dc-
bus voltage dynamics (representing the flat output y;) to the
large load power demanded (disturbance) from 0 to 600 W,
whereas the dc bus was loaded with an electronic load. The
oscilloscope screens show the dc-bus voltage (the state variable
xy, representing the flat output ¥;), the supercapacitor voltage
(the state variable x;), the load power, and the supercapacitor
power (the control input variable u; ).

The cutoff frequency (wp) of the supercapacitor power loop
was 450 rad-s™! (equivalent as a first-order delay with a time
constant Tp of 2.2 ms, determined from experimentation). The
cutoff frequency (wg) of the closed-loop dc-bus energy must
then be lower than the cutoff frequency (wp ) of the supercapac-
itor power loop, so that the system is stable.

The FC power dynamics were purposely limited (see Fig. 10),
forcing the supercapacitor to supply the transient load power
demand. As depicted in Fig. 12(a), the nonlinear controller gains
used were Ky = 71 rad-s™! and K> = 2500 rad?-s 2, so that
the system damping ratio { was equal to 0.707 and the natural
frequency w, was equal to 50 rad-s™!. As a result, the cutoff
frequency (wg1) of the closed-loop dc-bus energy was equal to
50 rad-s™!. As depicted in Fig. 12(b), the nonlinear controller
gains used were K, = l41rad-s ' and K|, = 10000 rad?-s 2,
so that the system damping ratio ¢ was equal to 0.707 and the
natural frequency w, was equal to 100 rad-s~'. As a result.
the cutoff frequency (wg2) of the closed-loop dc-bus energy
was equal to 100 rad-s~!. Finally, as depicted in Fig. 12(c).
the nonlinear controller aaim used were I}, = 354 rad-s™!
and K, = 62500 rad?-s 2, so that the system damping ratio
¢ was equal to 0.707 and the natural frequency w, was equal
to 250 rad-s™!. As a result, the cutoff frequency (wgy) of the
closed-loop dec-bus energy was equal to 250 rad-s ™. Although
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0.707; w,, = 250rad-s™').
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the dynamic response of the control system can be improved
relative to that shown in the figures by increasing the cutoff
frequency, this improvement comes at the outflow of reduced
boundary stability, as illustrated in Fig. 12(c), in which the
cutoff frequency (250 rad-s=?) is closed to wp (450 rad-s™1).
As presented in Fig. 12(b). the controller parameters at the
cutoff frequency (wg2) of 100 rads™! (wg = wp/4.5) show
good stability and optimum response (1o oscillation and short
settling time) of the dc-bus voltage regulation to its desired
reference of 60 V.

Note that there are some losses (static and dynamic losses)
in the supercapacitor converter (see Figs. 1 and 3), because
the implemented converters are hard-switching converters, then,
the power difference between the supercapacitor and the load
powers (for example, during 100 to 200 ms) can be observed.
To improve the converter efficiency. soft-switching converters
may be effective solutions for future work.

The flatness-based control is model-based (see the inverse
dynamics detailed in Figs. 5 and 6). As a result, it may have
some sensitivity to errors in the model parameters [see (21)
and (22)]. To substantiate its robustness and dynamic regulation
of the dc-bus energy (or voltage), the flatness-based control
was tested with the exact model parameters (rpc = 0.14  and
rs¢ = 0.10 Q) and for the case of lossless parameters (rp¢c =
0.0 2 and rs¢ = 0.0 ). Comparisons (robustness) between
the accurate parameters and the error parameters are given in
Fig. 13. The oscilloscope generated waveforms obtained during
the large load step from 0 to around 800 W and showed the dc-
bus voltage (representing the flat output y, ), the supercapacitor
voltage, the lcad power (disturbance), the supercapacitor power
(the control input variable u,). The FC power dynamics were
intentionally limited (see Fig. 10), forcing the supercapacitor to
meet the transient load power demand. Similar waveforms are
seen in Fig. 13(a) and (b).

The dc-bus voltage (dc-link stabilization) is minimally influ-
enced by the large step in load power. Undoubtedly, the perfor-
mance of the control system is hardly affected by the error con-
sidered in the model parameters. It is then possible to conclude
that the nonlinear differential flatness-based approach provides
an absolutely robust controller in this application.

D. Performance Comparison Between Nonlinear Control
Based on Flatness and Classical Linear Control

To compare the performance of the flatness-based control,
a traditional linear control method presented in [16] was also
implemented on the hybrid test stand. A dc-bus energy reference
was represented by ygusrer (=virgr). A linear feedback PI
control law is given by the following expression:

rt
(:’/BusREF ~'.t;‘tius)d'r

a3

PsCrREF =K p (YBusREF —¥Bus) + K /
J
where Kp and K are the set of controller parameters.
Because the supercapacitor current loop is much faster than
the de-link voltage loop [so that it can be considered as a pure
unity gain. see (6)], the open-loop transfer function associated
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with the dc-link voltage regulation can be written as follows:

PI-Controller  Ey../psc psc/pscrer
/_A,_\ e i

YBus (8) (Kp & ﬁ) L R an
YBusREF (S) s s Tps+1

where Tp is the time constant of an equivalent first-order delay
of the supercapacitor power regulation loop (or the supercapaci-
tor current regulation loop). The linear control law of the dc-link
stabilization detailed earlier is portrayed in Fig. 14; it is similar
to the nonlinear control law (see Fig. 5). where the PI controller
also generates a supercapacitor power reference pscripr. The
main difference between nonlinear control based on the flatness
property and classical linear control is that the inverse dynamic
cquation, known as the flatness property (see (21) and Fig. 5),
appears in the nonlinear control.
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Finally, in order to give a reasonable comparison betwe=en the
methods, the parameters of the linear controller Kp and Iy
were tuned to obtain the best possible performance. This result
was compared to the flatness-based control. In this case, Kp =
252 W-J"tand K; =42 000 W-(J-s) ', so that the desired phase
margin was 30°. If Kp = 124 W-J"" and K = 3968 W-(J.s)".
the desired phase margin (PM) was 60°. Fig. 15 shows exper-
imental results obtained for both controllers during the large
load step. The flatness-based control shows good stability and
optimum response of the de-bus voltage regulation to its desired
reference of 60 V. Although dynamic response of the linear con-
trol law could be improved relative to that shown in the figures,
this enhancement comes at the expense of a reduced stability
margin. From these results, we conclude that flatness-based con-
trol provides better performance than the classical PI controller.

V. CONCLUSION

A new control approach for adistributed dc generation system
supplied by a hybrid source that uses supercapacitors as a fast
auxiliary source, in association with a PEMFC as the main
source, has been proposed. The reduced-order model of the
FC/supercapacitor power plant is flat. A trajectory planning
algorithm that allows for energy (voltage) regulation in finite
time has also been presented. Theoretically, the flatness-based

control shows better performance than a classical controller (PI
or PID controllers) for transitions between equilibrium points,
particularly in a nonlinear system.

Experimental results with a small-scale hybrid test bench
in the laboratory have authenticated the excellent closed-loop
performance of this system. The robustness of the proposed
control was demonstrated by test bench results.
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